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ABSTRACT
In this study, 23 molecular lineages within the
species-rich sea star genus Leptasterias subgenus Hexasterias
section Camtschatica and an outgroup Leptasterias polaris were
examined for patterns of mtDNA nucleotide sequence variation
and evolution.  Two separate regions of the mitochondrial
genome were sequenced.  The first region (549-bp) spanned the
partial 3' ends of the 12s rRNA and 16s rRNA genes, complete
tRNAs for glutamic acid and threonine, and complete putative
control region.  The second region (1644-bp) spanned
approximately 85% of the 3' end of the cytochrome oxidase
subunit I gene, complete tRNA for arginine and approximately
85% of the 5' end of the nicotinamide adenine dinucleotide
dehydrogenase subunit 4L gene.  Methods utilizing a
non-phylogenetic approach, such as principal components and
log-linear analyses, indicated that nucleotide composition
varied by gene or gene region, with no obvious clustering of
structurally or functionally similar genes.  Intra-haplotypic
nucleotide sequence variation within the 23 molecular lineages
was minor (less than 1%), even from geographically distant
locations.  Phylogenetic-based analyses using maximum
likelihood indicated that there were differences in transition
and transversion rate ratios (b/a, mean value = 0.1241) and
proportion of invariable sites (I, mean value = 0.7049) for the
different domains analyzed.  The ratio of non-synonymous
substitutions to synonymous substitutions (dN/dS, mean value =
0.0416) was estimated separately by maximum likelihood for
between-species and within-species branches, but no significant
differences were found.  Results of this study reinforce
previous findings that the 23 molecular lineages consistently
form five phylogenetically distinct groups which are proposed
to represent separate species or species complexes.
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INTRODUCTION
Mitochondrial DNA (mtDNA) studies have become more and
more prevalent over the past decade or so, due in part to
several factors.  There is an abundance of "universal” primers
which can be used to amplify and sequence homologous gene
regions across diverse animal taxa.  Compared to nuclear DNA,
mtDNA has a high copy number per cell, a low amount of
repetitive or non-coding DNA, generally a maternal mode of
inheritance, and often a relatively high mutation rate.  The
mtDNA genomes of most animals are closed, circular DNA
molecules that usually range in size from 16 kilobases (kb) to
21-kb.  While genome length can vary tremendously among
animals, the overall gene content of 22 transfer RNAs (tRNA),
large and small subunit ribosomal RNAs (rRNA), and 13
protein-coding genes, remains relatively constant.  However,
the gene order and genetic code are fairly divergent, both
within and between major groups of animals (Boore, 1999).  The
mtDNA molecule affords the user many advantages over nuclear
DNA.  The molecule is small, can be completely sequenced with a
high degree of accuracy in a short period of time, and can be
used to examine various topics, such as reconstructing
phylogenetic trees from both extant and extinct organisms (Roy
et al., 1994), analysis of conserved regions, and patterns of
nucleotide substitutions of genes within the molecule.  The
mtDNA molecule is also ideal for many studies because it is
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believed to be inherited clonally, with little or no
recombination (see Ladoukakis and Zouros, 2001 for possible
exceptions).  There is almost no intergenic spacing, little
overlap between genes, and usually only one major non-coding
region.  This non-coding region can range in size from
approximately 150 base pairs (bp) in sea urchins (Cantatore et
al., 1988) to greater than 13-kb in insects (Boyce et al.,
1989).
In the major mtDNA non-coding region, the main origin of
replication (ORI) and regulatory sequences controlling
transcription have been identified for a limited number of
organisms (Goddard and Wolstenholme, 1980; Jacobs et al.,
1989a, b; Nass, 1995; Lang et al., 1999), but most of these
studies pertain to vertebrate species (see Scouras and Smith,
2001).  Only five echinoderm species have had their entire
mtDNA genomes sequenced: Asterina pectinifera (Asakawa et al.,
1995), Arbacia lixula (De Georgi et al., 1996), Paracentrotus
lividus (Cantatore et al., 1989), Stronglyocentrotus purpuratus
(Jacobs et al., 1988), and Florometra serratissima (Scouras and
Smith, 2001).  However, a larger data set of partial sequences
exists for various echinoderm species (Smith et al., 1989;
Smith et al., 1990; Smith et al., 1993; Arndt, et al., 1996;
Hart et al., 1997; Hrincevich et al., 2000; Knott and Wray,
2000; Williams, 2000) which may include, but not specifically
name, this non-coding region.  In vertebrates, this region has
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been designated the “control region” or “D-loop region”, as
portions of the mtDNA molecule temporarily possess a
three-stranded displacement loop structure during replication
(Brown, 1986; Saccone et al., 1987; Saccone et al., 1991; Sbisa
et al., 1997).  In invertebrates, such as the insects, the
region is commonly referred to as the “A+T-rich region”
(reviewed in Zhang and Hewitt, 1997), as it has a
disproportionately high percentage of adenine and thymine
nucleotides present.  Overall, this region, whether it be in
vertebrate or invertebrate organisms, has displayed great
diversity in its relative location and size in the
mitochondrial genome (Wolstenholme, 1992; Zhang and Hewitt,
1997).
The control region is usually considered to be the fastest
evolving and most variable region of the mtDNA molecule (Moritz
et al., 1987).  Unlike mitochondrial coding regions (Bermingham
and Lessios, 1993; Kocher and Wilson, 1991; Vawter and Brown,
1986), the control region is non-coding and hypothesized to be
under few selective constraints.  This region is thought to
accumulate base substitutions, insertions, or deletions at a
rate considerably faster than that of mtDNA coding regions. 
This region may be influenced by secondary structure formation
and the ability of enzymes to bind correctly to the promoter
regions that are thought to reside in this region.  In theory,
if secondary structure does play a role in this region, the
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process of compensatory nucleotide changes could also be
examined.  These compensatory changes would be necessary if
folding of the RNA molecule was controlled by cellular
information as dictated by thermodynamic principles.
Among the invertebrates, rearrangements and inversions
within the mtDNA genome are common.  For example, the
echinoderms have a novel mtDNA gene map order in comparison to
vertebrates and Drosophilia.  Considering only rRNA and
protein-coding genes, the echinoid mitochondrial map can be
related to the vertebrate pattern with only two rearrangements,
the transpositions of large ribosomal subunit rRNA and ND4-L
(Jacobs et al., 1988; Cantatore et al., 1987, 1989).  Among
echinoderms, a major inversion event has been described in sea
stars (class Asteroidea) and brittle stars (class Ophiuroidea)
in comparison to sea urchins (class Echinoidea) and sea
cucumbers (class Holothuroidea).  There is an inversion of a
4.6-kb mtDNA fragment between the sea stars/brittle stars and
the sea urchins/sea cucumbers.  Specifically, the genes within
this inverted region retain their sequential order, however the
polarity of the 4.6-kb fragment (spanning 14 tRNA genes, the
ND-1 and ND-2 genes, and the 16s rRNA gene) is reversed between
the two groups of organisms (see Figure 1 for details).
In this study, I describe patterns of mtDNA sequence
variation and evolution in a species-rich subgenus of sea
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Figure 1.  General gene organization of Leptasterias spp. mitochondrial DNA genome
(adapted from Asakawa et al., 1995).  The gene regions are abbreviated and the
transcriptional polarity is indicated by arrows.  The tRNA genes are indicated using
IUPAC single-letter designations with the polarity designated by pointed arrowheads. 
Opposite ends of the mtDNA map use jagged lines to represent partial gene regions.  The
4.6-kb inverted region is shaded and is characteristic of sea stars and brittle stars,
relative to sea cucumbers and sea urchins.
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six-rayed sea stars commonly found in the rocky intertidal zone
of the North American Pacific Coast from central California to
the Aleutian Islands (see Figure 2).  Fisher (1930) proposed an
elaborate taxonomy in which the genus Leptasterias consisted of
three subgenera, placing the six-rayed species into the
subgenus Hexasterias, which included two sections, ten species,
and many subspecies and forms.  Prior to the 1990s, the only
taxonomic reassessment of Fisher’s scheme was that of Chia
(1966a), who proposed that six-rayed Leptasterias in the San
Juan Islands, Washington and surrounding areas should be
synonymized to a single species, L. hexactis, and suggested
that all six-rayed Leptasterias in the North Pacific may
represent one or possibly a few species.  Subsequently, Kwast
et al. (1990), Foltz et al., (1996a, 1996b), Hrincevich and
Foltz (1996), Foltz (1997, 1998), and Hrincevich et al. (2000)
conducted extensive molecular and biochemical analyses of this
subgenus using allozyme polymorphisms, morphological
characters, mtDNA polymerase chain reaction restriction
fragment length polymorphisms (PCR-RFLPs), and direct
sequencing of the mtDNA putative control region and flanking
sequences.  These investigators segregated 23 mtDNA PCR-RFLP
haplotypes within the Camtschatica section of Leptasterias
subgenus Hexasterias (denoted A through X, less M).  However,
the taxonomic status of these lineages remained uncertain until
Flowers and Foltz (2001, see also Flowers, 1999) conducted a
7
Figure 2.  Examples of six-rayed sea stars presumed to be members of the genus
Leptasterias subgenus Hexasterias collected in the summer of 1997 at Kiska Island, AK.
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taxonomic reassessment of the Camtschatica section along the
Pacific Coast of North America, utilizing specimens collected
by me in the Aleutian Islands in 1997, as well as specimens
selected from earlier collections summarized by Foltz and
Stickle (1994) and museum voucher specimens previously analyzed
by Fisher (1930).
The specific objectives of this study are: (1) Examine the
previously-defined 23 PCR-RFLP haplotypes in greater detail as
compared to prior studies by sequencing two separate regions of
the mitochondrial genome; (2) Examine patterns of nucleotide
substitution within and among these two mitochondrial regions
using phylogenetic and non-phylogenetic based analyses.  The
data presented in this study represent nucleotide sequences
from two separate regions of mtDNA, which include
protein-coding, non-coding, and structural genes, for the
aforementioned 23 Leptasterias subgenus Hexasterias haplotypes,
plus L. polaris, a representative of the Polaris section within
this subgenus.  The first region is a 549-bp sequence
representing the complete putative control region, complete
tRNAs for threonine and glutamic acid, and partial sequences
for the 3' end of the 12s rRNA gene and the 3' end of the 16s
RNA gene.  The second region is a 1644-bp sequence which spans
a portion of the 3' end of the cytochrome oxidase subunit I
gene (COX-I), the complete transfer RNA for arginine
9
(tRNA-Arg), and a portion of the 5' end of the nicotinamide
adenine dinucleotide dehydrogenase subunit 4L (ND4-L) gene. 
The data presented here, in combination with prior genetic
studies, can be used to resolve some of the taxonomic
uncertainty of sea stars within the genus Leptasterias subgenus
Hexasterias.  Ultimately, providing a well-supported phylogeny
would facilitate possible taxonomic reassessment of the group
as proposed by Flowers (1999).  In a broader sense, the data
presented here can be compared to other marine organisms (such
as crustaceans, cnidarians, gastropods, and other sea star
species) with similar life histories or mode of reproduction. 
Studies which examine dN/dS ratios within or between species
have commonly examined mammalian systems (Alvarez-Valin et al.,
1998; Smith and Hurst, 1999), but echinoderm comparisons are
lacking.  Results of this study examining dN/dS ratios as
compared to other species would help to determine if there is a
pattern of nucleotide substitutions common among various groups
of organisms.  Finally, comparisons of codon usage within
Leptasterias subgenus Hexasterias to other echinoderm species





Sea stars were collected from their natural habitat,
either by hand in the intertidal region or by SCUBA in the
subtidal region.  Approximately half of the samples included in
this study (Table 1, Figure 3) were collected in the summer of
1997 in the Aleutian Islands; the remainder were selected from
pre-1997 studies of mtDNA PCR-RFLPs (Foltz et al., 1996a, b;
Hrincevich and Foltz, 1996; Foltz, 1998) in samples collected
from the Aleutian Islands to central California. 
A representative of each haplotype A through X (less M)
that had been identified in the PCR-RFLP survey (summarized in
Hrincevich et al., 2000) was sequenced for two separate regions
of the mitochondrial genome.  The first one consisted of
approximately 550-bp of a PCR product representing the partial
3' ends of the 12s and 16s rRNA genes, complete tRNA-Glu and
tRNA-Thr genes, and the complete putative control region
(henceforth collectively referred to as “CR”; see Figure 4 and
Appendix A).  The second one consisted of approximately 85% of
the 3' end of the COX-I gene, complete tRNA-Arg gene, and
approximately 85% of the 5' end of the ND4-L gene (henceforth
collectively referred to as “COX”; see Figure 5 and Appendix
B).  Leptasterias polaris (section Polaris) was used as an




Table 1.  Sequences included in the present study (Leptasterias subgenus Hexasterias
section Camtschatica), with GenBank accession numbers for each mitochondrial region
sequenced, collecting locations, and catalog numbers for frozen tissue vouchers.
PCR- Frozen
Taxon RFLP GenBank GenBank Collecting Voucher
(Major Clade) Haplotype CRa COXb Location   Latitude / Longitudec No.d
L. aequalis A AF162111 AF162089 Middle Cove, OR   43/18.5' / 124/24.2' I279
complex B U37563 AF162090 False Bay, WA   48/28.9' / 123/ 4.2' I280
D AF162112 AF162092 Sekiu, WA   48/16.9' / 124/26.3' I282
K AF162118 AF162099 San Simeon, CA   35/38.4' / 121/12.0' I289
L AF162119 AF162100 Asilomar, CA   36/36.0' / 121/55.2' I290
V AF162128 AF162109 Pigeon Point, CA   37/12.3' / 122/23.8' I299
X AF190506 AF190503 Balance Rock, BC   53/17.2' / 131/58.6' I304
L. alaskensis E AF162113 AF162093 Shemya Island, AK   52/44.7' / 174/ 7.0' E I283
complex F AF162114 AF162094 Homer, AK   57/40.2' / 151/42.1' I284
H U37569 AF162096 Amchitka Island, AK   51/21.5' / 179/23.8' E I286
P AF162122 AF162103 Unalaska Island, AK   53/55.0' / 166/30.0' I293
L. aleutica / I AF162116 AF162097 Amchitka Island, AK   51/21.5' / 179/23.8' E I287
L. camtschatica N AF162120 AF162101 Amchitka Island, AK   51/21.5' / 179/23.8' E I291
complex Q AF162123 AF162104 Kiska Island, AK   52/ 0.0' / 177/30.0' E I294
R AF162124 AF162105 Kiska Island, AK   52/ 0.0' / 177/30.0' E I295
S AF162125 AF162106 Kiska Island, AK   52/ 0.0' / 177/30.0' E I296
T AF162126 AF162107 Unalaska Island, AK   53/55.0' / 166/30.0' I297
U AF162127 AF162108 Amchitka Island, AK   51/21.5' / 179/23.8' E I298
L. hexactis C U37564 AF162091 False Bay, WA   48/28.9' / 123/ 4.2' I281
complex G AF162115 AF162095 Balance Rock, BC   53/17.2' / 131/58.6' I285
W AF190505 AF190502 Cordova, AK   60/35.6' / 145/47.4' I303
L. leptodoma J AF162117 AF162098 Kiska Island, AK   52/ 0.0' / 177/30.0' E I288
L. sp. (unknown) O AF162121 AF162102 Amchitka Island, AK   51/21.5' / 179/23.8' E I292
L. polaris - U95060 AF162110 Glacier Bay, AK   58/31.1' / 136/13.7' I300-301
 a Putative mitochondrial DNA control region and flanking sequences.
 b Actual sequenced region spans the partial COX-I and ND4-L gene regions and the complete tRNA-Arg seqeunce.
 c All coordinates are given as North / West, except as noted.






















Figure 3.  Map showing approximate collecting locations for sea stars (Leptasterias
spp.) listed in Table 1 and referenced in Appendices A and B and Table 13.  Locations
are abbreviated as follows: SA, Shemya Is.; KI, Kiska Is.; AA, Amchitka Is.; CA,
Cordova, AK; DH, Dutch Harbor; KA, Kodiak Is.; HA, Homer; GB, Glacier Bay; PW, Little
Port Walter; BR, Balance Rock; SW, Sekiu; MB, Mitchell Bay; AW, Anacortes; FB, False
Bay; MC, Middle Cove; DR, Doran Rocks; PP, Pigeon Point; AS, Asilomar; SS, San Simeon. 




















































Nla IIIDde I ScrF INla III Ase I Dde I ScrF I Hinf I Rsa I Hinf I Dpn II Dpn II Dde I
Figure 4.  Restriction-site map for PCR-amplified mtDNA region containing the putative
control region and flanking sequences for 23 PCR-RFLP haplotypes (labeled A-X, less M)
in a sea star (Leptasterias spp.) complex.  Polymorphic (N = 13) restriction sites are
indicated above the map and single letters (A-X) below the map denote those haplotypes
possessing each site.  The length of the entire region indicated is 549-bp.  This figure













Figure 5.  Gene organization of a portion of the mitochondrial genome containing the
COX-I gene and flanking sequences in a sea star (Leptasterias spp.) complex.  Primers
used for amplification and/or sequencing are shown above the map with arrows indicating
whether they prime in a forward direction (as indicated by a green arrow, <) or prime in
a reverse direction (as indicated by a red arrow, =).  Each region of the genome is
abbreviated.  The tRNAs are designated with the single-letter amino acid abbreviations:
W, tryptophan; A, alanine; L, leucine; N, asparagine; Q, glutamine; P, proline; R,
arginine.  The protein-coding genes are abbreviated as follows: COX-I, cytochrome
oxidase subunit I; ND4-L, NADH-dehydrogenase subunit 4L; COX-2, cytochrome oxidase
subunit II.  The 1644-bp region of the mitochondrial genome which was sequenced for each
PCR-RFLP haplotype is indicated below the map.
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TISSUE PRESERVATION/STORAGE
Sea stars collected in the field were stored whole on ice
or held alive in sea water, until assigned an identification
number, logged (including date and location of capture),
individually labeled, and bagged.  Sea stars were then frozen
whole and stored at -20/C to -80/C for later analysis.
Sea stars collected in the Aleutian Islands in the summer
of 1997 were frozen solid and shipped via air mail on dry ice
to our laboratory, which typically took 24-72 hours.  Several
shipments of seas stars were temporarily held in frozen storage
at –40/C for two weeks and shipped back to the laboratory.  A
very small tissue sample was taken (approximately [3 mm]3 and
typically a ray tip) from each animal and placed in a 35 mL
scintillation vial containing a preservative solution of
DMSO/EDTA (20% DMSO, 0.25 M EDTA, saturated with NaCl, pH 8.0:
Seutin et al., 1991).  The DMSO preserved tissue sample was
intended to be used as a secondary or alternative source of
DNA, in the event that the original frozen tissue sample was
lost or degraded.  This tissue sample could be stored at room
temperature for extended periods of time (greater than 6
months) and also be used for archival purposes.
EXTRACTION OF DNA
Total DNA was extracted as in Foltz et al. (1996a) for
frozen tissues.  Tissues which were stored in the DMSO/EDTA
solution were first vortexed for approximately one minute to
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disintegrate any large tissue pieces.  A 500-:L aliquot of
this solution was then pipetted from the vial and used in place
of solid tissue.  The remainder of the protocol is identical to
Foltz et al. (1996a).  It was not necessary to purify the DNA
any further using either traditional phenol-chloroform
extractions or purification columns or matrices.  DMSO/EDTA
preserved or frozen tissues yielded a crude DNA extract that
contained sufficient high molecular weight DNA to be used
successfully as template in PCR reactions.  
PRIMER DESIGN, PCR AMPLIFICATION, AND SEQUENCING
Amplification of the CR was carried out using the 12SA and
16SA primers of Smith et al. (1993), which are located at
positions 6818 and 7569, respectively.  All numerical positions
refer to the location of the 5' end of the primer relative to
the Asterina pectinifera complete mtDNA sequence (Asakawa et
al., 1995).  These primers correspond to highly conserved
regions among echinoderms at the 3' ends of the two
mitochondrial rRNA genes and jointly amplify about 620-bp (see
Figure 4).  An additional internal sequencing primer was also
designed based on preliminary CR sequences obtained from
haplotypes A-J in the early stage of this study (see Hrincevich
and Foltz, 1996).
Initial amplification of about 2.4-kb of mtDNA containing
the entire COX-I gene and flanking sequences was carried out
using the PCR primers of Hart et al. (1997), located at
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positions 11725 or 14098.  I designed two internal primers for
sequencing by comparing orthologous echinoderm COX-I gene
sequences from 17 asteroids, 16 holothuroids, and 2 echinoids. 
From this search, two primers, INOECH-1 and INOECH-3, were
designed which would jointly amplify approximately 700-bp. 
Additional Hexasterias-specific nested primers were designed
(see Hrincevich et al., 2000) to extend the final COX sequences
to 1644-bp (see Figure 5).  The sequences of all primers used
to examine the COX region are presented in Table 2.
Double-stranded PCR amplifications and manual sequencing
were carried out as in Hrincevich and Foltz (1996).  Automated
cycle sequencing was also performed, using Applied BioSystems
ABI-Prism Dye-Terminator reactions (Perkin-Elmer, Norwalk, CT),
as described in Rocha-Olivares et al. (1999).
A variety of statistical programs was used to analyze
nucleotide sequence data from the CR and COX regions.  A
summary of these programs is presented in Table 3.  While this
table is not intended to provide a complete description of the
statistical programs used in this study, it serves to briefly
summarize each one.
SECONDARY STRUCTURE ANALYSIS
The program MFOLD (Mathews et al., 1999; Zuker et al.,
1999) was used to identify potential secondary structures in
the single-stranded non-coding sequences.  I also used the
program RNAviz version 2 (De Rijk and De Wachter, 1997) to
1
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Table 2.  Primers used to examine the COX region.  Primers were either designed
specifically for this study or taken from previously published material (see below). 
Primers sequences are indicated in the 5' ˜ 3' direction using single-letter IUPAC
nomenclature, where “I” represents inosine.  Utility indicates whether the primers were
used specifically for PCR amplification and/or direct sequencing purposes.  Position
refers to the location of the primer relative to the Asterina pectinifera complete mtDNA
sequence (Genbank acccession number D16387; Asakawa et al., 1995).  For relative primer
locations, refer to Figure 5.
Primer Name Primer Sequence Utility Position
PAT-2a 5'-CTTTGAAGGCTTTTAGTTTAGATTAAC-3' PCR 11725-11748
INOECH-1b 5'-ATGATITTITTIATGGTIATGCC-3' PCR, SEQ 12346-12368
LEPTi-Fc 5'-CGAACNCCYGGYATGTCTTT-3' SEQ 12667-12686
LEPTi-Rc 5'-AACATNGTAATTGCTCCGGCTA-3' SEQ 12779-12758
LEPTi3-Rc 5'-CRAARAARGTNGTTTTNACTTTTC-3' SEQ 12814-12791
LEPTi2-Fc 5'-ATNYTNCCTGGMTTYGGAATGAT-3' PCR, SEQ 12892-12914
INOECH-3b 5'-ACRTCCATYCCIACCGTGAACA-3' PCR, SEQ 13049-13028
LEPTi3-Fc 5'-GCAGGATTTACYCACTGATT-3' PCR, SEQ 13324-13343
LEPTi2-Rc 5'-AGAAAGTGTTGGGGAAAAAAGG-3' PCR, SEQ 13445-13424
LeptND4L-Rc 5'-TTTGCCATTTAGTGTTGTAGAATTTT-3' SEQ 14083-14058
PAT-3a 5'-CCTARTTGGGTTCARTTTGCC-3' PCR 14098-14078
a Primers taken from Hart et al. (1997).
b Primers designed by Adam W. Hrincevich.
c Primers designed by Axayácatl Rocha-Olivares.
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Table 3.  Summary of statistical programs used to analyze
sequence data.
Statistical Program Purpose
ClustalW version 1.7 Nucleotide sequence alignment.
MFOLD Estimate secondary structure of
nucleotide sequence.
RNAviz version 2 Draw predicted secondary structures
generated by MFOLD.
MEGA version 2.1 Estimate nucleotide frequencies and
codon usage.
SAS version 8.2 Estimate nucleotide frequencies for
the eight gene regions, log-linear
analysis, and principal components
analysis.
PAUP* version 4.0 Estimate transition/transversion
ratios (TV/TS or b/a), rate
parameters, proportion of invariable
sites (PINVAR or I), and global
maximum likelihood tree.
PAML version 3.1 Estimate nonsynonymous/synonymous
substitution ratios (dN/dS).
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assist in drawing the secondary structures based on the
estimates generated by MFOLD.  Secondary structure modeling of
DNA using this program predicts the pattern of Watson-Crick
(WC), wobble, and other non-canonical pairings that are
possible when the RNA is folded.  A non-canonical base pair is
defined as non-WC and non-wobble (not guanine-thymine or
thymine-guanine). Based on free energy estimates (−∆G values)
of the folded sequence, a computer-generated diagram depicting
the secondary structure of the nucleotide sequence is
generated.  Options allow the user to limit only foldings
within a specified percent from the minimum free energy to be
computed.  As a general rule, lower free energy levels are
better (M. Zuker, personal communication).  However, any
foldings within 1 or 2 kcal/mole from the minimum free energy
are acceptable.
In order to examine variability more precisely, secondary
structure was estimated for the three complete tRNA sequences
and the partial 12s rRNA sequence using MFOLD (Mathews et al.,
1999; Zuker et al., 1999).  While the entire putative control
region could not be consistently folded into secondary
structures which could be compared for regions of conservation
(as in the tRNA molecules), a GC-rich stem and loop structure
was commonly observed in the PCR-RFLP haplotypes.  Secondary
structure estimation was not performed on the 16s rRNA sequence
21
because it was only a partial 23-bp region of a much larger
gene.
The stability of a secondary structure is estimated as the
amount of free energy released or used by forming base pairs. 
Positive free energy requires work to form a configuration
while negative free energies release stored work.  Free
energies are additive, so it is possible to determine the total
free energy of a secondary structure by adding all the
component free energies (measured in kilocalories per mole). 
The more negative the free energy of a structure, the more
likely is the formation of that structure, because more stored
energy is released.  This fact is used to predict the secondary
structure of a particular sequence.  Discovering a base pair
configuration with the minimum possible free energy is the goal
of most secondary structure prediction algorithms (as in
MFOLD).  The result of this procedure is a two-dimensional
diagram which can be used to assign nucleotides into stem,
loop, or bulge regions.  Stems traditionally are regions of the
folded structure which are double-stranded, while loops and
bulges are usually single-stranded regions.
Secondary structure was an important tool in properly
analyzing the data in this study.  By generating secondary
structures for nucleotide sequences for rRNA and tRNA regions,
issues such as compensatory mutations and assignment of domains
into specific stem and loop regions could be examined.  For
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example, it was possible to locate the position of the
anti-codon region in tRNA molecules based on a combination of
the echinoderm mtDNA genetic code (Himeno et al., 1987; see
Figure 6) and approximate physical location in the nucleotide
sequence, and then force MFOLD to place this region in a loop
and not a stem.  For this reason, secondary structure sequences
were initially generated using MFOLD, then adjusted by eye and
rerun in MFOLD to make sure the resulting structure was
thermodynamically within 5% of the initial free energy
estimate.
SEQUENCE ALIGNMENT AND ANALYSIS
Leptasterias sequences were initially aligned using
ClustalW version 1.7 (Thompson et al., 1999).  The ClustalW
alignment was then adjusted by eye to maximize the number of
phylogenetically informative sites.  Nucleotide frequencies and
codon usage patterns were examined using the software package
MEGA version 2.1 (Kumar et al., 2001).  Nucleotide frequencies
for each of the eight different gene regions (tRNA-Arg,
tRNA-Glu, tRNA-Thr, 12s rRNA, 16s rRNA, putative control
region, COX-I, and ND4-L) were then analyzed by log-linear and
principal components analyses (PROC GENMOD and PROC PRINCOMP,
respectively, in SAS version 8.2, SAS Institute Inc., 1989).
The remaining statistical analyses used a phylogenetic
tree calculated in PAUP*4.0 (Swofford, 1998) for the entire


















   4-fold degenerate codons (N=9)
   3-fold degenerate codons (N=2)
   2-fold degenerate codons (N=10)
   1-fold degenerate codons (N=2)
Figure 6.  Degeneracy of the genetic code and codon usage in
the echinoderm mitochondrial DNA genome (based on Himeno et
al., 1987).  The sum of the degeneracy classes equals 23
because two amino acids had multiple degeneracy classes
(leucine was classified as having both a 4-fold and 2-fold
codon, serine was classified as having two separate 4-fold
codons) with the termination codon classified as 2-fold.
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the program ModelTest (Posada and Crandall, 1998) for
determination via likelihood ratio tests of the best-fit model,
which was a restriction of the general time-reversible model
(one transitional rate parameter, four transversional rate
parameters, proportion of invariable sites, and gamma shape
parameter assuming four rate categories).  These seven
parameters were then estimated by maximum likelihood (ML) in
PAUP*4.0, using empirical base frequencies and the heuristic
search option.  The initial tree was a neighbor-joining tree
calculated from the same data using the HKY85 distance measure
(Hasegawa et al., 1985).  The resulting ML tree will be
referred to below as the “global ML tree”.
As an additional way of partitioning the data set to
analyze patterns of nucleotide substitution, each of the 20
amino acids (generated from the conceptual translation of the
sequenced mtDNA region using the echinoderm mitochondrial
genetic code) was classified into “degeneracy classes” which
could be 2, 3, or 4-fold degenerate.  At 4-fold degenerate
sites no substitutions result in amino acid substitutions.  In
effect, any one of the four nucleotides may occupy these
positions without altering the encoded amino acid.  At 3-fold
degenerate sites, both transitions (TS) are synonymous and one
transversion (TV) is also synonymous.  At 2-fold degenerate
sites, transitions are synonymous and transversions are
non-synonymous.  All changes at non-degenerate sites lead to
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amino acid replacements.  In this data set there were two
1-fold, ten 2-fold, two 3-fold, and nine 4-fold degenerate
amino acids (see Figure 6 for an explanation of why there are
23 degeneracy classes).  I focused on 3rd codon position
differences for the two protein-coding genes (COX-I and ND4-L),
because there were very few amino acid substitutions within the
Camtschatica section.  Non-degenerate codon sites were
discarded in this analysis, as were the few codon sites
harboring amino acid polymorphisms that differed in degeneracy
class.  Stem and loop regions of tRNAs and 12S rRNA were
analyzed separately, based on secondary structure plots.  In
the absence of conserved secondary structure for the 16S rRNA
gene fragment and entire putative control region, these regions
were analyzed separately from the other non-coding DNA regions. 
The result of this data partition was 10 functional domains
(stems; loops; ND-4L 2-, 3-, and 4-fold; COX-I 2-, 3-, and
4-fold; CR; and 16s rRNA).  To describe the patterns of
substitution within and among these domains, the parameters b/a
(the TS/TV rate ratio, see Figure 7) and I (the proportion of
invariable sites) were estimated separately for each domain in
PAUP*4.0 using empirical nucleotide frequencies for each domain
and the global ML tree obtained earlier.  The program PAUP*4.0
only calculates relative substitution rates, setting the rate
of a G ˜ T transversion event to 1.0.  However, in two gene



















SumA T C G
A - aBT aBC aBG 1
T aBA - aBC aBG 1
C aBA aBT - aBG 1





SumA T C G
A 1-aBT-aBC-bBG aBT aBC bBG 1
T aBA 1-aBA-aBC-bBG bBC aBG 1
C aBA bBT 1-aBA-aBT-bBG aBG 1
G bBA aBT aBC 1-aBT-aBC-bBA 1
Figure 7.  One-rate (top panel) and two-rate (bottom panel) models of nucleotide
substitution.  The final frequency of the ith nucleotide is Bi.  In the one-rate model, a
represents the absolute rate of nucleotide substitution per unit time interval.  In the
two-rate model, a and b are absolute rates of nucleotide substitution per unit time
interval for transversions and transitions, respectively.  However, because in general
the amount of elapsed time in the phylogeny is unknown, PAUP*4.0 only estimates relative
rates, dividing all rates by the G ˜ T rate.  This standardization effectively sets the
G ˜ T rate to 1.0 and expresses the other rates as proportions of that rate.  In the
above model, the rates for transitions and transversions are standardized by PAUP*4.0 to
b/a and 1.0, respectively.
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substitutions, and PAUP*4.0 was unable to accurately estimate
the b/a ratio because of division by zero.  In order to
circumvent this situation, it became necessary to replace the
nucleotide A with T and vice versa in these two gene regions
and rerun the analysis.  In this way, a pseudo G ˜ T
transversion event was created in each of these two domains
which allowed PAUP*4.0 to accurately estimate the rate of a and
b.  The absolute rates of a and b were also calculated, based
on the relationship that 2a + b was equal to the
region-specific tree-length.
To characterize the patterns of synonymous and
non-synonymous substitutions over the two protein-coding gene
fragments, the program PAML version 3.1 (Yang, 1997) was used
to estimate the number of synonymous substitutions per
synonymous site (dS) and the number of non-synonymous
substitutions per non-synonymous site (dN).  The analysis was
done separately for each branch in the global ML tree for
1569-bp of sequence representing the combined partial COX-I and
ND4-L gene sequences.  These values were then characterized as
within-species or between-species branches in a published
taxonomy of the PCR-RFLP haplotypes (Flowers and Foltz, 2001,
see also Table 1 for details) and analyzed by regression and





The nucleotide sequence for a 549-bp region of mtDNA which
spans the partial 3' end of the 12s rRNA gene (approximately
5%), the complete tRNAs for glutamic acid and threonine, the
complete putative control region, and a portion of the 3' end
of the 16s rRNA gene (approximately 1.5%) for 23 PCR-RFLP
haplotypes plus L. polaris are presented in Appendix A and the
boundary of each gene is indicated.  The CR sequences varied in
length from 541-bp to 546-bp due to hypothesized
insertion/deletions (indels) within the putative control
region, resulting in a 549-bp alignment of the CR sequences. 
Haplotype letter designations (A-X, less M plus L. polaris) are
based on previous PCR-RFLP studies and are summarized in Figure
4.  Variability of each gene region was then examined.  A
summary of nucleotide composition and length for each gene
region is presented in Table 4.
The 12s rRNA region is 48-bp long with no indels.  Of the
48 nucleotides, 45 are invariable, and 3 are variable (with 2
of the 3 sites being singletons).  All variable nucleotides are
located in loop regions.  There is a distinctive stem structure
conserved in all 23 PCR-RFLP haplotypes and in L. polaris which
is 10-bp long.  Stems of this length are not common and this
region may play a critical role in the function of the ribosome
(Asakawa et al., 1995) or possibly serve as an origin of
2
9
Table 4.  Nucleotide composition and length summary statistics for the eight gene
regions examined in this study.  Percent nucleotide compositions for each gene region
represent weighted averages.  The total length (2186-bp) is less than the value shown in














Length 69  69  68  48  23  336  1320  253  
%T 36  32  30  23  57  43  36  43  
%C 13  17  13  11  9  14  22  21  
%A 40  35  41  40  16  28  25  25  
%G 11  15  16  27  19  15  17  11  
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replication for the mtDNA molecule (Jacobs et al., 1989a).  The
predicted secondary structure of the molecule is shown in
Figure 8.  In this figure and the three tRNA molecules, DNA
nucleotides versus RNA nucleotides were used for consistency. 
This structure is similar to the 12s rRNA molecule proposed by
Asakawa et al. (1995) for Asterina pectinifera.
The tRNA-Glu gene is 69-bp with no indels.  The anti-codon
region, located at position 78-80, is conserved across all 23
PCR-RFLP haplotypes, plus L. polaris.  Of the 69 nucleotides,
62 are invariable and 7 are variable (with 2 of the 7 sites
being singletons).  Of the 7 variable sites, 4 are located in
loop regions, 2 are in stem regions which cause G-T base
pairing and 1 is at a terminal stem position which results in
opening of the adjacent loop region by an additional
nucleotide.  While opening of a loop region is not as
thermodynamically favorable as a stem region, this process does
not lower the free energy estimate below 95% of the most
thermodynamically stable folding.  The predicted secondary
structure of this molecule is shown in Figure 9 and is similar
to the tRNA-Glu molecule proposed by Asakawa et al. (1995) for
Asterina pectinifera.
The tRNA-Thr gene is 68-bp with no indels.  The anti-codon
region, located at position 149-151, is conserved across all 23
PCR-RFLP haplotypes, plus L. polaris.  Of the 68 nucleotides,











































(base 1) (base 48)
Figure 8.  Predicted secondary structure of 12s rRNA generated
using MFOLD and RNAviz.  Polarity of the sequence is shown and
numbers indicate nucleotide positions in the alignment from
Appendix A.  Regions classified as stems are outlined in boxes
and base-pairing is indicated between nucleotides by a dot (C). 
Variable nucleotide positions are shown in italics and



















































Figure 9.  Predicted secondary structure of tRNA-Glu.  Polarity
of the sequence is shown and numbers indicate nucleotide
positions in the alignment from Appendix A.  Regions classified
as stems are outlined in boxes and base-pairing is indicated
between nucleotides by a dot (C).  Variable nucleotide
positions are shown in italics and shadowing using IUPAC
nomenclature where M = A/C; R = A/G; S = C/G; Y = C/T.
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being singletons).  Of the 9 variable sites, 5 are located in
loop regions, 1 is in a stem region which causes G-T base
pairing, 1 is at a terminal stem position which results in
opening of the adjacent loop region by one more nucleotide, and
2 are in a stem region which result in an internal bulge of the
stem.  Internal bulge regions tend to destabilize a region, due
to the forcing of a double stranded region to become partially
single stranded, and are not thermodynamically favorable.  It
was initially thought that one or both of these nucleotide
substitutions may have been a misread, but both strands of the
mtDNA region were sequenced and resulted in these bulges for
the predicted secondary structure.  The predicted secondary
structure of the molecule is shown in Figure 10.  This
structure is similar to the tRNA-Thr molecule proposed by
Asakawa et al. (1995) for Asterina pectinifera.
The complete putative control region ranges in length from
334 to 338-bp due to hypothesized indels.  The aligned sequence
is 341-bp long and there are 264 invariable and 76 variable
nucleotides (with 25 of the 76 sites being singletons). 
Complete secondary structures were not determined for this
region because of its complexity; it is non-coding and no
comparison could be made to a known sequence for conservation
of structure as there was for the tRNA genes.  However, partial
secondary structures could be estimated for portions of the





















































Figure 10.  Predicted secondary structure of tRNA-Thr. 
Polarity of the sequence is shown and numbers indicate
nucleotide positions in the alignment from Appendix A.  Regions
classified as stems are outlined in boxes and base-pairing is
indicated between nucleotides by a dot (C).  Variable
nucleotide positions are shown in italics and shadowing using
IUPAC nomenclature where K = G/T; R = A/G; W = A/T; Y = C/T.
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loop structure located at approximately positions 205-226
(depending on PCR-RFLP haplotype) and forms a 9-bp stem which
is conserved across all 23 PCR-RFLP haplotypes plus L. polaris
(see Figure 11).  A similar structure has also been found in
other sea stars (Jacobs et al., 1989a; Asakawa et al., 1995)
and this region has been considered to play a role in the
replication of the mtDNA molecule.  However, verification of
this claim will not be examined further in this study.
The 16s rRNA region is 23-bp long with no indels.  Of the
23 nucleotides, 21 are invariable and 2 are variable (with 1 of
the 2 sites being singletons).  Due to the very short length of
this region, less than 2% of the entire 16s rRNA gene region,
secondary structures were not determined. 
The nucleotide sequence and predicted amino acid sequence
for a 1644-bp region of mtDNA which spans the partial 3' end of
the COX-I gene (approximately 85%), the complete tRNA-Arg, and
a portion of the 5' end of the ND4-L gene (approximately 85%)
for 23 PCR-RFLP haplotypes plus L. polaris are presented in
Appendix B.  The boundary of each gene region is indicated and
the conceptual translation is indicated above each codon in the
protein-coding regions.  Alignment was not difficult, as there
were no indels in either the COX-I or ND4-L coding regions. 
The three gene regions were then examined separately for
conservation of nucleotide sites and codon usage.
36
Figure 11.  GC-rich stem and loop secondary structure found in
the putative control region of Leptasterias spp.  This 9-bp
stem structure is conserved across all 23 PCR-RFLP haplotypes
and L. polaris and corresponds roughly to nucleotide positions
205-226 (due to indels) (see Appendix A).  Analogous stem and
loop regions observed in four other sea star species; Asterias
amurensis, Asterias forbesii, Pisaster ochraceus and Asterina
pectinifera) are also indicated (see Asakawa et al., 1995;






















































































Leptasterias spp. A. amurensis
P. ochraceus
A. forbesii A. pectinifera
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The partial COX-I gene is composed of 1320-bp.  Of the
1320 nucleotides, 1085 are invariable and 235 are variable
(with 94 of the 235 sites being singletons) across the 23
PCR-RFLP haplotypes plus L. polaris.  Of the possible 440
codons, 421 are invariable and 19 are variable.  Variability
can be examined at the level of the nucleotide, in terms of
transitions vs. transversions; at the amino acid level, in
terms of synonymous vs. non-synonymous substitutions; and codon
position, in terms of preference for one particular nucleotide
over another.  Each of these areas will be examined separately.
When examining variability within codons, there is a
general trend of conservation for the same type of amino acid. 
For example, the nucleotide substitution at position 1198 from
an A ˜ T results in an amino acid change from threonine to
serine.  While this is a non-synonymous substitution, the same
type of amino acid is substituted in terms of electrochemical
properties.  In this case, an uncharged, hydrophobic amino acid
replaces another one.  Similar instances can be observed at the
remaining substitutions.
In general, there is a trend for a deficit of guanine in
the third codon position.  Overall, guanine appears only 7.5%
of the time in the third codon position as opposed to thymine
which appears 38.9% of the time.  This trend of low guanine use
is not as predominant in the first or second codon position,
but the use of thymine is consistently the highest out of the
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four nucleotides in all three codon positions.  A summary of
codon position by nucleotide is given in Table 5.  Accordingly,
the TTT codon for phenylalanine is used most frequently (7.75%)
and a GCG codon for alanine is used least frequently (0.9%) out
of the possible 64 codons.  Possible reasons for this bias in
third codon position guanines are discussed later.
The complete tRNA-Arg gene ranges in length from 68 to
71-bp.  Length variation in this gene can be attributed to the
occurrence of three to six adenine nucleotides at the 5' end of
the gene.  The inferred indels in this region were placed
consecutively at the beginning of the sequence for illustrative
purposes; the poly-A tract may function to separate adjacent
genes at the 5' and 3' ends of the molecule.  Of the 71
nucleotides, 58 are invariable and 13 are variable (with 6 of
the 13 sites being singletons).  The anti-codon region, located
at position 1352-1354, is conserved across all 23 PCR-RFLP
haplotypes, plus L. polaris.  The predicted secondary structure
of the molecule is shown in Figure 12.  This structure is
similar to the tRNA-Arg molecule proposed by Asakawa et al.
(1995) for Asterina pectinifera.  Seven of the 13 variable
nucleotides were in the loop region of the TQC arm.  Of the
remaining six, 1 was in a stem region and utilized non-WC base
pairing (i.e. G-T), 1 was in a terminal stem region resulting
in opening of the adjacent loop region by one additional
nucleotide, and 3 were indels at the beginning of the gene.
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Table 5.  Codon position versus base identity for the partial
COX-I gene, partial ND4-L gene, and combined COX-I/ND4-L gene
sequences for the 23 PCR-RFLP Leptasterias haplotypes (A-X,
less M plus L. polaris) examined in this study.  Values are
expressed as percents and are averaged over all taxa.
%T %C %A %G
COX-I
Position 1 28.4 19.7 24.3 27.7
Position 2 39.7 28.2 16.7 15.4
Position 3 38.9 19.8 33.9  7.5
ND4-L
Position 1 29.8 24.3 28.6 17.4
Position 2 56.1 18.9 13.0 12.0
Position 3 42.4 20.5 33.2  3.9
Combined COX-I/ND4-L
Position 1 28.6 20.4 25.0 26.0
Position 2 42.4 26.7 16.1 14.9
















































Figure 12.  Predicted secondary structure of tRNA-Arg. 
Polarity of the sequence is shown and numbers indicate
nucleotide positions in the alignment from Appendix B.  Regions
classified as stems are outlined in boxes and base-pairing is
indicated between nucleotides by a dot (C).  Variable
nucleotide positions are shown in italics and shadowing using
IUPAC nomenclature where D = A/G/T; R = A/G; W = A/T; Y = C/T.
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The partial ND4-L gene region is composed of 253-bp, of
which 191 are invariable and 62 are variable (with 26 of the 62
sites being singletons).  Of the 84 possible codons, 73 are
invariable and 11 are variable.  The inferred initiation codon
for the ND4-L gene (position 1392-1394) specifies isoleucine
and not methionine.  Comparison of the data presented here with
other echinoderm mtDNA sequences shows that not only ATG, but
also ATT and GTG appear to be used as initiation codons
(Asakawa et al., 1995).  As in the COX-I gene,
electrochemically similar amino acids usually replace one
another.  The pattern of not using guanine in the third codon
position is observed again, and thymine is the most common
nucleotide in each of the three codon positions.
PRINCIPAL COMPONENTS ANALYSIS
The variability of nucleotide composition in each of the
eight gene regions was examined by a principal components (PC)
analysis in SAS.  PC analysis can be used to display the
variation in nucleotide frequencies within and among genes. 
The 2193 aligned nucleotides from the 23 PCR-RFLP haplotypes
plus L. polaris were used as the input file for MEGA version
2.1.  Table 6 summarizes the statistics from this analysis. 
Overall, the percentages of A, C, G, and T were 26.94, 19.95,
15.90, and 37.21, respectively.  These values represent
site-weighted averages, rather than gene-weighted averages
(that is, each nucleotide site is weighted equally).  A
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Table 6.  Summary statistics from principal components
analysis.  Statistical values are from analyses of the entire
eight gene regions and represent the complete 2193 nucleotides
examined.
Correlation Matrix
T C A G
T 1.000 -0.203 -0.476 -0.584
C  1.000 -0.632 -0.041
A  1.000  0.027
G  1.000
Eigen Values of the Correlation Matrix
Eigen Value Proportion Cumulative
PC 1 1.829 0.457 0.457
PC 2 1.486 0.371 0.829
PC 3 0.685 0.171 0.999
Eigen Vectors of the Correlation Matrix
PRIN 1 PRIN 2
T -0.572669 -0.447646
C -0.340348  0.657738
A -0.602406 -0.391414
G  0.439682  0.462373
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correlation matrix was generated which depicts how the
different nucleotide types tended to co-vary.  Theoretically,
correlation coefficients can range from +1.0, which means that
two variables are perfectly correlated to each other, to -1.0,
which means that two variables are perfectly negatively
correlated to each other.  Because nucleotide frequencies must
sum to 1.0, there are only three statistically independent
values, and as one particular nucleotide type increases in
frequency, the sum of the frequencies of the remaining
nucleotide types must decrease.  Due to the biological
constraints placed on the data being examined, it is not
surprising that the nucleotide frequencies have a tendency to
be negatively correlated (see Table 6).
Another way to examine how each gene region behaves in its
nucleotide composition is to calculate standard deviations for
PC scores based on lineage-to-lineage comparisons.  These
values are indicated in Figure 13, and there is a general trend
of larger standard deviations in the shorter gene regions, such
as the 16s rRNA, which is only 23 bases long.  The longest
gene, COX-I, has the smallest standard deviation values.  The
distribution of first and second principal component scores
does not indicate that coding versus non-coding gene regions
associate differently.  In Figure 13, each corner of the graph




Figure 13.  Distribution of principal components scores (± 1 S.D.) in eight mtDNA gene
regions in sea stars (Leptasterias spp.) based upon variation in nucleotide composition. 
Each corner of the graph represents the region of principal components scores which
predominate in a particular nucleotide and is indicated by boxed text.  For example, the
12s rRNA partial sequence has a high G and low T nucleotide composition, while 16s rRNA
partial sequence has a high T and low G nucleotide composition (based on PC scores).  It
should also be noted that each of the eight genes or gene regions are distinct, in that
none of the standard deviation bars overlap
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In general, the eight gene regions are uniformly
distributed and there is no obvious clustering of structurally
or functionally similar genes.  For example, the two rRNA genes
show no similarity in nucleotide composition.  The 12s rRNA
gene fragment has a high G and low T base composition. 
Conversely, the 16s rRNA gene fragment has a low G and high T
base composition.  The three tRNA genes are topologically
similar, but do not form a distinct cluster indicating
similarity in base composition.  If secondary structure and
folding of the tRNA molecule influenced base composition (e.g.
increased GC-content to improve thermostability), it could be
hypothesized that these three tRNA genes would behave similarly
assuming that (1) they had comparable nucleotide compositions
and (2) conservation of the traditional clover-leaf shape was
essential.  However, there have been instances observed in
mammalian mtDNA in which tRNA molecules do not fold into
traditional clover-leaf shapes while still functioning
properly.  Apparently, there are many factors which influence
structural folding of the tRNA molecule (discussed later).  One
pattern to note is the trend of the coding COX-I and ND4-L
genes to have similar high C and low A base compositions. 
Overall, 82.9% of variation can be attributed to the first two
principal components, with 100% of that variation necessarily
captured in the first three principal component scores, because
there are only three independent nucleotide frequencies.
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LOG-LINEAR ANALYSIS
A log-linear analysis was performed which describes the
association and interaction patterns among a set of categorical
variables.  In this data set, the three variables are the four
nucleotide bases, the eight gene or gene regions, and the 23
Leptasterias haplotypes plus L. polaris.  Each of these
individual components can be treated as though they were main
effects (as in an ANOVA) while examining associations within a
particular component, while the interaction of any of these two
components can be thought of as interaction terms.
Figure 14 summarizes the results of the log-linear
analysis.  Overall, the three main effects are not as
biologically interesting as the interaction terms.  This type
of analysis can be thought of as a way to examine variation
based on a 3-dimensional surface of a cube, where each
dimension corresponds to one of the three components (see
Figure 14).  These components are the eight gene regions (x),
the four nucleotide types (y), and the 24 lineages (z).  Any
one point on the cube would represent the intersection (w) of
all the three components.
The lineage component was not significant, because all 24
lineages had essentially the same number of nucleotides (n =
2193) being examined.  Each gene or gene region was essentially
the same length, with the exception of the putative control











































Figure 14.  Log-linear analysis of nucleotide composition in








Lineage  23 0.2213 1.0000
Gene   7 74205.35 0.0001
Base   3 1762.31 0.0001
Interaction
Terms
Lineage*Base  69 7.0549 1.0000
Gene*Base  21 1318.44 0.0001
Lineage*Gene 161 0.6133 1.0000
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ancestry of the 24 lineages.  The gene component (x) was
significant.  This was expected due to the various lengths of
the different gene regions.  The base component (y) was also
significant.  Based on previous analyses, it had already been
determined that the eight gene regions were AT-rich (see Table
6).  Due to constraints on the data, the only way that the base
component would not be significant was if each base occurred in
equal proportions in all of the gene regions.
Examination of the interaction between two components is
more interesting, because they determine if there is an
association or interaction among a set of categorical
variables.  The lineage*base interaction (z*y) was not
significant.  This interaction examined whether there was a
difference in base composition among the 24 lineages while
holding the gene region constant.  Each of the 24 lineages had
the roughly same base composition.  The gene*base interaction
(x*y) was significant.  This interaction examined whether there
was a difference in base composition among the eight gene
regions while holding the lineage component constant.  The
different gene regions had different base compositions.  This
can be seen in the principal components analysis of Figure 13
and also in Table 4 which illustrate the 16s rRNA gene had a
high %T, the 12s rRNA gene had a high %G, and the COX-I gene
had a high %C, with all 3 of these regions being structural
genes.  The lineage*gene interaction (x*z) was not significant. 
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This interaction examined whether the lineage had an effect on
the length of a gene or gene region while holding the base
component constant.  Each lineage had roughly the same
nucleotide length within a particular gene or gene region.  The
only exceptions to this occur in the putative control region
and the tRNA-Arg due to hypothesized indels.
PHYLOGENETIC ANALYSES
As is commonly done in molecular evolutionary studies
(e.g. Frati et al., 1997), the analyses to this point have not
used any phylogenetic information concerning the PCR-RFLP
haplotypes or the species recognized by Flowers and Foltz
(2001).  However, further analyses of patterns of nucleotide
substitution within the sequence data set would benefit from
using a phylogenetic approach.  Because the mtDNA PCR-RFLP
haplotypes are a mixture of within-species and between-species
lineages, the organelle history rather than the species-level
history is the relevant phylogeny, so the issue of gene trees
versus species trees (e.g., Nichols, 2001) does not arise. 
Ideally, such analyses would be based on the true phylogenetic
tree representing the evolutionary history of the mtDNA
lineages included in the study.  In those circumstances, there
would be no error arising from phylogenetic uncertainty, only
statistical error from sampling a finite number of individuals
and nucleotide sites.  However, as is universally true in
empirical molecular phylogenetic studies, the true phylogenetic
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history of the mtDNA genome is unknown.  To circumvent this
limitation, I used a ML tree based on all 2193 nucleotide sites
and calculated in PAUP*4.0 (see Figure 15 for details and
parameter estimates).  This global tree was then used in all
analyses described below.
In order to test whether a one-rate or two-rate model more
accurately describes the pattern of nucleotide substitutions
observed in the data set, PAUP*4.0 was used to estimate via ML
the true transition (b) and transversion (a) rates for each of
the ten gene domains (Table 7).  A one-rate model describes the
situation where the ratio of b/a is equal to one or that all
theoretically-possible substitution events (transitions and
transversions) occur at equal rates in each of the ten gene
domains.  A two-rate model describes the situation where b/a is
not equal to one and is similar to the Kimura 2-parameter
model, with the exception that the four nucleotides do not
necessarily occur in equal base frequencies (see Figure 7 for
more information).
PAUP*4.0 was then used to generate negative log-likelihood
values, using either the null hypothesis (one-rate model or b/a
= 1) or the alternate hypothesis (two-rate model b/a Ö 1) for
each of the ten gene domains.  The difference between these two
values multiplied by two was treated as a G statistic with one
degree of freedom, and was used to reject or accept the
one-rate model for each of the ten gene domains.  In order to
53
























































































Figure 15.  Maximum likelihood tree (often referred to as the
“global ML tree”) based on 2193-bp of mtDNA sequence for 23
PCR-RFLP lineages (A-X, less M) of Leptasterias spp. and rooted
on L. polaris.  The tree is based on the best-fit model, with
empirical base frequencies (26.9% A, 20.0% C, 15.9% G, 37.2% T)
and seven estimated parameters: proportion of invariable sites
(I = 0.595), gamma shape parameter assuming four rate
categories (0.765), one transitional rate parameter (b) and
four transversional rate parameters (a).
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Table 7.  Summary of statistics generated by PAUP*4.0 to test for adequacy of a one-rate
versus two-rate model of nucleotide substitution.  The total number of sites (1072) is
less than the value in Figure 15 because the 12s rRNA gene, non-degenerate codons, and
first and second codon positions have been eliminated. (* = P < 0.05, see text)



















Stems  138 0.0982 0.0618 0.0061  278.97  273.47  11.000 *
Loops  100 0.1065 0.1439 0.0153  238.14  228.81  18.652 *
ND4-L
2-fold
  16 0.0000 0.3723 0.0000   44.94   37.91  14.044 *
ND4-L
3-fold
  13 0.3382 0.2793 0.0944   42.73   42.17 1.110
ND4-L
4-fold
  40 0.6094 0.4368 0.2662  250.57  249.94 1.270
COX-I
2-fold
 128 0.0089 0.6054 0.0054  587.98  509.25 157.460 *
COX-I
3-fold
  48 0.1299 0.6556 0.0852  229.22  218.97  20.512 *
COX-I
4-fold
 225 0.1352 0.6935 0.0938 1312.00 1248.32 127.376 *
Control  341 0.1602 0.3380 0.0542 1337.20 1285.36 103.682 *
16s   23 0.0000 0.1826 0.0000   56.59   54.53 4.134
Overall 3=1072 0.1241 3=4148.73
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allow for multiple testing, the P2 critical value with one
degree of freedom at P > 0.005 was used in place of a P2
critical value with one degree of freedom at P > 0.05 (Rice,
1989).  In seven of the ten gene domains, a two-rate model more
accurately described the nucleotide substitution rate (i.e. b/a
was not equal to one) and are indicated by asterisks (*) in
Table 7.  For the remaining three gene domains (ND4-L 3-fold,
ND4-L 4-fold, and 16s rRNA), a one-rate model was sufficient to
describe the pattern of nucleotide substitutions.  The results
of this analysis are presented graphically in Figure 16.
After rejecting a one-rate model in favor of a two-rate
model, the hypothesis that a global two-rate model could be
applied to all ten gene domains simultaneously was tested.  In
order to test this hypothesis, it was first necessary to
estimate the global b/a value to be tested for all ten gene
domains simultaneously.  PAUP*4.0 was used to generate a series
of negative log-likelihood values for various two-rate
scenarios.  Initially, a range of b/a values between 5.5 to
10.5 was used, because preliminary analysis suggested that the
global rate-ratio was within this range.  These values are
shown in Table 8.
A third-degree polynomial was then used to approximate the
log-likelihood function, using PROC REG in SAS to generate an
equation in the general form of ax3 + bx2 + cx + d, where a =























































































































Rates Differ From 
1:1 (P < 0.01)
Figure 16.  Histogram showing substitution rate ratios differ significantly (P < 5%) for
ten coding or non-coding mtDNA gene domains in sea stars (Leptasterias spp.).
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Table 8.  Values of various one-rate-ratios, predicted negative log-likelihood values,
and observed negative log-likelihood value generated by PAUP*4.0 to estimate a global
rate-ratio value to be fitted to all ten mtDNA gene domains simultaneously.  The
third-degree polynomial equation used to generate predicted negative log-likelihood
values is indicated at the top of the table.



















5.50 4178.55 4178.57 7.50 4172.27 4172.41
6.60 4176.01 4176.00 7.75 4172.10 4172.23
6.10 4175.59 4175.59 8.00 4172.03 4172.15
6.20 4175.20 4175.20 8.25 4172.06 4172.15
6.30 4174.83 4174.85 8.50 4172.16 4172.21
6.40 4174.49 4174.52 8.75 4172.33 4172.34
6.50 4174.17 4174.22 9.00 4172.55 4172.53
6.60 4173.88 4173.94 9.25 4172.83 4172.77
6.70 4173.62 4173.69 9.50 4173.14 4173.06
6.80 4173.38 4173.46 9.75 4173.48 4173.41
6.90 4173.16 4173.24 10.00 4173.84 4173.78
7.00 4172.96 4172.06 10.25 4174.19 4174.21
7.10 4172.78 4172.91 10.50 4174.55 4174.64
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to solve for x (which represented the global ML rate-ratio
estimate), the first derivative of the polynomial was taken,
and the resulting equation (3ax2 + 2bx + c) was set equal to
zero.  The first derivative of the likelihood function measures
the slope of the function, and when set to zero the resulting
solution marks the minimum or maximum point of the function. 
The general solution for quadratic equations of the form
Ax2 + Bx + C = 0, which is [ -B + (B2 - 4AC)0.5 ]/2A, must be
used to solve this equation, with the final result that x (the
ML estimate of b/a) equals 8.061, which means that the overall
TS rate is roughly eight times as large as the overall TV rate.
The value of 8.061 was used as the global rate-ratio,
which was tested to apply to all ten gene domains
simultaneously.  The negative log-likelihood value associated
with this rate-ratio was determined by evaluating the
third-degree polynomial equation at the ML value of 8.061, and
is equal to 4172.03.
To test the adequacy of the global rate-ratio model versus
ten different rate-ratios, a G statistic for heterogeneity was
calculated by taking twice the difference between the sums of
the negative log-likelihood values for each model.  Using 9
degrees of freedom, the calculated G value of 46.6 showed that
the global rate-ratio model could be rejected with a P value
less than 0.001, in favor of ten different domain-specific rate
ratios (summarized in Table 9).
5
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Table 9.  Summary of values generated by PAUP*4.0 used to test equality of rate-ratios
and whether a global rate-ratio could be fitted to all ten mtDNA gene domains
simultaneously.
Test of Equality of Rate Ratios Sum of -Log L values # parameters estimated
Individual two rate-model fitted
separately to 10 gene domains
4148.73 10
Global two-rate model fitted to
10 genes domains simultaneously
4172.03  1
G-statistic   46.60
Degrees of Freedom  9
Significance P <<< 0.001, reject global two-rate model
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In order to examine the variability in the proportion of
invariable nucleotide sites, additional hypothesis testing was
carried out using PAUP*4.0.  This analysis relied on the
previous conclusion that a two-rate model applied to the 10
gene domains separately best described the pattern of
nucleotide substitution in the data set.  Instead of testing
substitution rates, the proportion of invariable nucleotide
sites (I) was examined.  The null hypothesis describes the
situation where I is equal to zero or that all nucleotide sites
are equally free to mutate, in each of the ten gene domains. 
The alternative hypothesis describes the situation where I is
greater than zero, and that some nucleotide sites are not free
to mutate, possibly because of selective constraints or other
factors.
PAUP*4.0 was used to generate negative log-likelihood
values, using either null hypothesis (I = 0) or the ML estimate
for the alternate hypothesis (I > 0) for each of the ten gene
domains.  The difference between these two values multiplied by
two was treated as a G statistic with one degree of freedom,
and was used to reject or accept the one-proportion model for
each of the ten gene domains.  In order to allow for multiple
testing, the P2 critical value with one degree of freedom at  
P > 0.01 was used in place of a P2 critical value with one
degree of freedom at P > 0.05 (Rice, 1989) and also to take
into account boundary effects (Goldman and Wheelan, 2000). 
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Boundary effects refer to the situation that the null
hypothesis (I = 0) is at the boundary of permissible values for
I.  Being a proportion, I can never be negative.  In six of the
ten gene domains, the null hypothesis was rejected; these are
indicated by asterisks (*) in Table 10.  For the remaining four
gene domains (tRNA loops, ND4-L 2-fold, ND4-L 3-fold, and COX-I
3-fold), the null hypothesis (I = 0) could not be rejected. 
The results of this analysis are presented graphically in
Figure 17.
After rejecting the null hypothesis in favor of a
alternate hypothesis that I > 0 for six of ten gene domains,
the hypothesis that a global value of I could be applied to all
ten gene domains simultaneously was tested.  In order to test
this hypothesis, it was first necessary to estimate by ML the
global I value for all ten gene domains simultaneously.  Again,
PAUP*4.0 was used to generate a series of negative
log-likelihood for values of I (see Table 11).  Initially, a
range of 0.50 to 0.72 was used, because preliminary analysis
suggested that the global I value was within this range. This
process was similar to the method used in the previous section
examining rate-ratios.
As before, a third-degree polynomial was then fit to the
log-likelihood values, giving regression coefficients of a =
1990.15, b = -3154.98, c = 1481.23, and d = 3849.94.  As
before, the ML estimate of I could be obtained by setting the
6
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Table 10.  Summary of statistics generated by PAUP*4.0 to test for adequacy of a



















Stems  138 0.1487 0.8513  273.47  261.23  24.472 *
Loops  100 0.7819 0.2181  228.81  228.70 0.224
ND4-L
2-fold
  16 0.2464 0.7536   37.91   36.40 3.014
ND4-L
3-fold
  13 0.5831 0.4169   42.17   42.02 0.310
ND4-L
4-fold
  40 0.4750 0.5250  249.94  242.17  15.532 *
COX-I
2-fold
 128 0.5420 0.4580  509.25  504.88   8.746 *
COX-I
3-fold
  48 0.5052 0.4948  218.97  216.67 4.598
COX-I
4-fold
 225 0.4578 0.5422 1248.32 1219.64  57.364 *
Control  341 0.2024 0.7976 1285.36 1208.29 154.150 *
16s   23 0.0435 0.9565   54.53   41.19  26.686 *
















































































Figure 17.  Histogram relating the proportion (I) of variable nucleotide sites among ten
coding or non-coding mtDNA gene domains in sea stars (Leptasterias spp.).  Site
variability is significantly heterogeneous (P < 5%) and significantly lower than 100%
where indicated by an asterisk (*).
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Table 11.  Values of various proportion of invariable sites (I), predicted negative
log-likelihood values, and observed negative log-likelihood values generated by PAUP*4.0
to estimate a global I value to be fitted to all ten mtDNA gene domains simultaneously.  
The third-degree polynomial equation used to generate predicted negative log-likelihood
values is indicated at the top of the table.



















0.50 4050.58 4050.67 0.62 4029.84 4029.93
0.52 4046.90 4046.83 0.64 4027.35 4027.40
0.54 4043.19 4043.08 0.66 4025.40 4025.37
0.56 4039.53 4039.47 0.68 4024.08 4023.96
0.58 4036.02 4036.04 0.70 4023.48 4023.36
0.60 4032.76 4032.84 0.72 4023.70 4023.82
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general solution for quadratic equations equal to 0, with the
final result that x (the ML estimate of I) equaled 0.7049. 
This result meant that the overall proportion of invariable
nucleotide sites is roughly 70% and the proportion of variable
nucleotide sites is 30%.  The negative log-likelihood value
associated with this I value was determined by evaluating the
third-degree polynomial equation at the ML value of 0.7049, and
is equal to 4023.45.  To test the adequacy of the global I
value versus ten domain-specific I values, a G statistic was
calculated by taking twice the difference between the sums of
the negative log-likelihood values for each model.  Using 9
degrees of freedom, the calculated G value of 44.54 showed that
the global I value model could be rejected with a P value less
than 0.001, in favor of ten different domain-specific I values
(summarized in Table 12).
SYNONYMOUS VERSUS NON-SYNONYMOUS SUBSTITUTIONS ANALYSIS
Estimates of the number of synonymous substitutions per
synonymous site (dS) versus non-synonymous substitutions per
non-synonymous site (dN) for each branch in the global ML tree
were calculated in PAML version 3.1 (Yang, 1997) for 1569-bp of
sequence representing the combined partial COX-I and ND4-L gene
sequences (see Figure 18).  The dN estimates were regressed
against the dS estimates in SAS (PROC REG) and plotted in
S-PLUS (Figure 19).  In this analysis, the 45 individual branch
lengths from the maximum-likelihood tree are statistically
6
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Table 12.  Summary of values generated by PAUP*4.0 used to test equality of the
proportion of invariable nucleotide sites (I) and whether a global I value could be
fitted to all ten mtDNA gene domains simultaneously.
Test of Equality of PINVAR Sum of -Log L values # parameters estimated
Individual I values fitted
separately to 10 gene domains
4001.18 10
Global I value (0.7049) fitted to
10 gene domains simultaneously
4023.45  1
G-statistic   44.54
Degrees of Freedom  9
Significance P <<< 0.001, reject global I=0.7049 model
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Figure 18.  Cladogram based on the “global ML tree” (Figure 15)
which used 1569-bp from the combined COX-I (1317-bp) and ND4-L
(252-bp) genes for 23 PCR-RFLP haplotypes and rooted on L.
polaris.  The estimated number of synonymous substitutions (dS)
and estimated number of nonsynonymous substitutions (dN)
(separated by a slash) are indicated on each branch.  Terminal
branches indicate PCR-RFLP haplotype, and each of the five
major clades is grouped by vertical bars.  Haplotype O is
indicated as L. sp. because it has not yet been identified as a








































































































Figure 19.  Scatter plot with fitted regression line of non-synonymous substitutions per
non-synonymous site (dN) versus synonymous substitutions per synonymous site (dS).  Data
points (N = 45) represent individual weighted branch lengths from the global ML tree
(see Figure 5) using 1569-bp of the combined partial COX-I and ND4-L gene sequences. 
Open circles (") represent branch lengths within one of the five major species clades
and closed circles (!) represent branch lengths between one of the five major species
clades or PCR-RFLP haplotype O (which has not yet been identified).
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independent of each other, unlike analyses using pair-wise
comparisons of haplotypes.
The slope of the best-fit line in PROC REG (0.0416 +
0.0051) indicates that overall there are roughly 24.0 times as
many synonymous substitutions as non-synonymous substitutions
(P < 0.0001).  The analysis indicates that the regression line
explains over 60% of the total variance in the data, and that
the intercept is effectively zero (P > 0.05).  Figure 19
displays the 45 individual data points and the best-fit line to
these points.  Because some of the data points do not fit
tightly to the best fit line, there is evident heterogeneity in
the relative rates of synonymous and non-synonymous
substitutions over the ML tree.
Although substitution rates estimated by PAML were
significantly greater for between-species comparisons versus
within-species comparisons (P < 0.0001 by one-way ANOVA), the
greater depth of phylogenetic nodes separating different
species had no detectable effect on the substitution process
for the two protein-coding genes examined in this study.  In
particular, there was no significant difference in dN/dS ratios
for between-species branches (0.040) versus within-species
branches (0.043) by likelihood ratio test (G = 0.05, 1 degree
of freedom, P > 0.05) in the phylogeny of Leptasterias subgenus
Hexasterias.  To the extent that there was a trend in the data,
within-species branches had, on average, dN/dS ratios that were
72




In this section, I put the above results into a broader
context by reviewing prior studies of Leptasterias subgenus
Hexasterias.  Comparisons are also made to comparable prior DNA
sequencing studies of sea stars in other orders such as
Valvatida and Spinulosida.  Assumptions and limitations of the
analytical methods employed here are discussed.  Finally,
questions left unanswered by the present research are briefly
reviewed, and some suggestions are offered for future research.
TAXONOMIC COMPLEXITY OF LEPTASTERIAS SUBGENUS HEXASTERIAS
SECTION CAMTSCHATICA
Sea stars of Leptasterias subgenus Hexasterias section
Camtschatica have a wide range of distribution in North America
from southern California (Santa Catalina Island) to the western
Aleutian Islands (Attu Island, AK).  In Asia, the range of the
Camtschatica section extends as far south as the Kuril Islands
(Fisher, 1930).  As in other species within the genus
Leptasterias, females are obligate brooders.  The only
described mode of brooding within the subgenus Hexasterias is
for female sea stars to collect and protect fertilized eggs and
developing larvae underneath their bodies (see, e.g., Chia,
1966b; Himmelman et al., 1982; also Figure 20).  The larvae
metamorphose into crawl-away juveniles that are essentially
miniature, sexually immature versions of the adult morphology. 




Figure 20.  Example of brood-protecting mode of a female sea
star within the genus Leptasterias.  Drawing courtesy of
Jeffrey Tamplin.
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gene flow afforded by this mode of reproduction, members of
this subgenus are morphologically variable and apparently
species-rich.  Similar patterns are seen in the other
obligately-brooding, taxonomically-diverse subgenus of
Leptasterias (Leptasterias subgenus Leptasterias: Fisher,
1930), as well as in other less studied brooding taxa,
including the temperate Echinasterid genus Henricia
(Strathmann, 1987), the tropical and temperate Asterinid
Asterina/Patiriella complex (which exhibits a wide diversity of
reproductive modes: Hart et al., 1997), and several
obligately-brooding Antarctic genera within the family
Asteriidae (Emlet et al., 1987).
The genetics and taxonomy of Leptasterias subgenus
Hexasterias have been studied extensively by myself and others
over the past decade (Kwast et al., 1990; Foltz et al.,
1996a,b; Hrincevich and Foltz, 1996; Foltz, 1997, 1998;
Flowers, 1999; Hrincevich et al., 2000; Flowers and Foltz,
2001).  All of the previously-identified PCR-RFLP haplotypes
(A-X, less M) were associated by Flowers and Foltz (2001) with
one of five previously-recognized species (or species complex
in the case of L. aleutica and L. camtschatica) in Leptasterias
subgenus Hexasterias section Camtschatica, following the
taxonomy of Fisher (1930).  The one exception was haplotype O,
which occurred only once in approximately 2000 total specimens
examined and did not morphologically resemble any
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previously-described species in the subgenus (see Flowers and
Foltz, 2001 for details), although it had some resemblance to
L. asteira (J.M. Flowers, personal communication).
Phylogenetic reconstructions generated by PAUP*4.0 on a
somewhat less extensive (1542-bp) mtDNA sequence data set for
the 23 PCR-RFLP haplotypes, including Leptasterias polaris
(Leptasterias subgenus Hexasterias, section Polaris) as the
outgroup, using maximum parsimony (MP), maximum likelihood
(ML), and minimum evolution (ME) methods generated very similar
trees (see Figure 1 of Hrincevich et al., 2000; reproduced with
permission as Figure 21).  Figure 21, panel A shows the strict
consensus tree of 26 most parsimonious reconstructions found
using the branch-and-bound algorithm.  Conflicting
relationships among the most parsimonious trees resulted in
polytomies in the strict consensus tree and involved haplotypes
C, G, and W in the L. hexactis clade, and haplotypes N, Q, S,
and T, in the L. aleutica/L. camtschatica clade.  Most of the
other branches in the MP tree were well-supported, with
bootstrap values exceeding 90%.  Figure 21, panel B shows the
ML reconstruction found assuming the HKY85+' model of sequence
evolution (Hasegawa et al., 1985) and a gamma distributed rate
heterogeneity (four rate classes) among sites.  The ML estimate
of the TS/TV rate parameter b/a was 3.11, and the ML estimate
of the shape parameter " of the gamma distribution, assumed to
represent the distribution of evolutionary rates among sites
7
7
Figure 21.  Phylogenetic reconstructions generated by PAUP*4.0 for the 23 PCR-RFLP
haplotypes rooted on Leptasterias polaris for a subset (1542-bp versus 2193-bp) of mtDNA
nucleotide sequence data.  This is ‘Figure 1' of Hrincevich et al.(2000), reproduced by
permission.
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(Yang, 1993) was 0.101.  Because the HKY85+' model in Figure
21 is different from the model used in the global ML
reconstruction presented earlier in Figure 15, and also because
the ML reconstruction of Hrincevich et al. (2000) is based on a
subset of the sequence data analyzed here, parameter estimates
between the two ML reconstructions are not comparable.  Figure
21, panel C shows the ME reconstruction (Rzhetsky and Nei,
1992), implemented using a matrix of pair-wise genetic
distances calculated by ML assuming the HKY85+' model of
evolution and the same parameters obtained in the ML search. 
Numbers on the branches for the MP and ME reconstructions
represent percent bootstrap support values of 500
non-parametric replicates.  There were minor topological
differences among the three reconstructions in Figure 21, and
among those reconstructions and the global ML tree presented in
Figure 15, primarily in regions of the tree where there were
shallow nodes, as in the L. hexactis and L. aleutica/L.
camtschatica clades.  However, each reconstruction consistently
recovered the same five major clades.
Hrincevich et al. (2000) demonstrated the monophyly of the
23 PCR-RFLP haplotypes comprising the Camtschatica section,
using parametric bootstrapping and ML analysis.  In this
earlier analysis, the null hypothesis (H0) of monophyly of the
Camtschatica section was tested using a log-likelihood ratio
test (L-LRT, Huelsenbeck et al., 1996).  For this test,
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orthologous sequence data from Leptasterias mülleri, a
five-rayed sea star (subgenus Leptasterias) collected from
Iceland, was included as a second outgroup.  Two ML searches
were performed under the HKY85+' model of evolution: one
unconstrained and another one in which non-monophyly of the
Camtschatica section was enforced (this is the alternate
hypothesis).  The reason that the unconstrained search assumes
the null hypothesis of monophyly is that additional MP and ML
reconstructions were done by Hrincevich et al. (2000) that
included a representative of Leptasterias mülleri, although
those reconstructions are not shown in Figure 21.  These
analyses produced MP and ML trees in which the Camtschatica
section was monophyletic and supported in 68% of the bootstrap
pseudo-replicates.  The unconstrained (monophyletic) search
produced a tree with a log-likelihood of -4940.53 and ML
estimates of 6.25 for the TS/TV ratio b/a and 0.115 for the "
shape parameter of the gamma distribution.  The reason that
there are three different values of b/a (3.11, 6.25, and 8.06)
mentioned in this study is due to the different number of
nucleotides used in the various tests.  For example, the value
of 3.11 resulted from using 1542-bp of sequence data from CR
(549-bp) and COX-I (993-bp) sequences with both L. polaris and
L. mülleri as outgroups.  The value of 6.25 resulted from using
the expanded COX region (which included the 3' of the COX-I
gene, complete tRNA-Arg, and partial 3' end of the ND4-L gene)
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and included 2193-bp of sequence data with L. polaris and L.
mülleri as outgroups.  The value of 8.06 resulted from using
the expanded COX data set, but limiting it to third codon
positions only of 2-, 3-, and 4-fold degenerate codons (see
Figure 6).  Stop codons and the 16s rRNA gene were excluded,
for a total of 1072-bp of sequence data (see Table 7 for more
information).  Apparently, these estimates of b/a are sensitive
to the nucleotide sites included in the analyses.  The
constrained (non-monophyly of the Camtschatica section) search
produced a tree with a log-likelihood of -4941.88 and similar
parameter estimates as in the unconstrained search (see
Hrincevich et al., 2000 for details).  The test statistic (* =
2[ln L1 - ln L0]; where L0 = maximized likelihood under the H0
of monophyly and L1 = maximized likelihood under the hypothesis
of non-monophyly) was 2.7.
To determine the statistical significance of this test
statistic, a null distribution of * values was constructed via
Monte Carlo simulations.  The reason a conventional likelihood
ratio statistic G = 2 x [difference in log-likelihoods between
null and alternate hypotheses] could not be used to test the
monophyly of the Camtschatica section is that the tree topology
changes between the two hypotheses, since the hypotheses are
statements about topology.  In the earlier tests of I = 0 and
b/a = 1, the tree topology was fixed to the global ML tree and
conventional G tests could be done.  One hundred data sets of
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the same size as the original were generated with the program
Seq-Gen version 1.1 (Rambaut and Grassly, 1997) using the ML
tree and parameters obtained under the H0.  The * null
distribution constructed from the Monte Carlo simulations
produced a highly skewed distribution with about 54% of the
simulations with * < 2.7.  Therefore, the null hypothesis of
monophyly of the Camtschatica section could not be rejected
(P > 0.46).  This result is important because it demonstrates
that the lineages A-X, less M, are a phylogenetically-cohesive
assemblage and not a paraphyletic or polyphyletic collection of
sequences.
ASSUMPTIONS OF THE PHYLOGENETIC ANALYSES
The ability to sequence homologous genes or gene regions
in related species through PCR technology allows patterns of
nucleotide substitution to be studied simultaneously at the
intra-specific and inter-specific levels.  As a result, it is
not necessary for the taxonomy of a particular group to be
completely resolved before applying molecular analyses. 
Indeed, analysis of sequence data has the potential to uncover
previously-undetected cryptic or sibling species; this result
has been observed repeatedly in diverse marine invertebrate
taxa (e.g., Hart et al., 1997; Williams et al., 2001; review by
Knowlton, 2000).  Although there is disagreement on whether
phylogenetic analyses are appropriate for sub-specific samples
of clonally-inherited genomes (e.g., Moritz, 1994; Sites and
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Crandall, 1997; Goldstein et al., 2000), the statistical
methods employed in this study do not assume that the lineages
being analyzed are necessarily separate species.  However,
there are several biological assumptions behind the analysis
whose validity requires discussion.  First, using the 23
PCR-RFLP mtDNA lineages A-X, less M, as the terminal units in
the analyses assumes that these haplotypes represent organelle
lineages.  That is, the analysis assumes that the restriction
sites defining these haplotypes are markers for copies of the
organelle genome that have undergone diversification through
female-propagated clonal reproduction, with subsequent
divergence through mutation.  Evidence for non-clonal
inheritance of mtDNA in some non-echinoderm species was
presented in the Introduction (see Ladoukakis and Zouros,
2001).  In the present study, there was no evidence suggesting
the non-clonal inheritance of mtDNA, so the conventional model
of non-recombining transmission through female lineages has
been assumed.  Also, there was no evidence for the possibility
of amplification of nuclear pseudogene copies, as has been seen
in some other organisms (Bensasson et al., 2001).  Support for
the assumption that none of the presumed mtDNA sequences
represents a non-functional, paralogous copy comes from the
patterns of nucleotide substitutions, both in relation to
reading frames (COX-I and ND4-L) and secondary structures (16S
rRNA, various tRNAs).  For example, nucleotide substitutions
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observed in the COX-I and ND4-L gene regions were primarily
synonymous, third codon position changes.  If either of these
two regions represented pseudogene sequences, it is likely that
substitutions would occur randomly in relation to codon
position, with transitions and transversions occurring
approximately equally.  Because pseudogenes produce no
functional product, there would be relaxed selection to retain
amino acid identities.  Also, secondary structures generated
for the tRNA molecules indicate the conservation of the
traditional cloverleaf shape, with substitutions concentrated
in loop regions.  These loop regions are single-stranded in the
sense that they are not base-pair dependent.  Substitutions in
pseudogene sequences are expected to be more random relative to
stem and loop regions since the molecule, being non-functional,
would not be under correct folding constraints.  As previously
mentioned in the Results section, all of the inferred
nucleotide substitutions within the tRNA genes are
conservative, in the sense that the substitutions typically do
not disrupt hydrogen bonds, or else occur at the end of a stem
region, causing slight enlargement of the adjacent loop.
A potentially more troublesome issue surrounding the
question of whether the 23 haplotypes represent organelle
lineages is the possibility of homoplasy.  Because the PCR-RFLP
types are diagnosed using a relatively small number (N = 13) of
polymorphic restriction sites within the mtDNA putative control
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region and flanking sequences, there is the possibility of
convergent gains or losses of restriction sites (homoplasy),
leading to multiple independent evolutionary lineages that
share the same RFLP type.  Homoplasy at the restriction site
level has been reported in several population-level mtDNA
studies that compared restriction-site profiles and sequences
for cytochrome b (Grant et al., 1998) and cytochrome oxidase I
(Herke and Foltz, 2001).  Similarly, it is possible that one or
more of the 23 restriction-site profiles (presence or absence
of each site) are homoplasious.  Ultimately, this question can
only be resolved by collecting additional data, both mtDNA and
nuclear gene sequences, for multiple representatives of each
lineage.  However, available evidence, both in the present
study and in the literature, is against the possibility of
homoplasy at the level of the 23 haplotypes, particularly when
different major clades are compared.  Some homoplasy is evident
at the level of the individual restriction site and is
discussed on pages 98-99.  One line of evidence against
homoplasy of haplotypes between major clades is that the major
clades are differentiated for both allozyme (Foltz, 1998) and
morphological characters (Flowers, 1999; Flowers and Foltz,
2001), suggesting that the major clades represent organismal
lineages as well as organelle lineages.  Secondly, major clades
are typically differentiated by multiple gains and losses of
restriction sites, which reduces the possibility that
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homoplasious gain or loss at a single site could cause
homoplasy at the haplotype level (see Figure 22).
When multiple representatives of each haplotypes have been
sequenced, the amount of sequence divergence is low.  To date,
about 2000 sea stars have been genotyped for PCR-RFLP
haplotype, based on restriction digests of the PCR-amplified
CR.  However, only approximately 50 of these individuals have
been either partially or completely sequenced for this region. 
Overall, there were only minor intra-haplotypic sequence
differences in the CR, even when the individuals came from
geographically distant locations.  For example, haplotype F
sampled from Amchitka, AK and Little Port Walter, AK (over 1800
miles distant from each other) had a single T¯C transition
substitution at position 206 (coordinate refers to Appendix A). 
Single base substitutions or indels were also observed in
haplotypes A, B, D, and K (summarized in Table 13).  In the
COX-I gene region, sequence variation consisted exclusively of
synonymous, third codon position nucleotide changes within
PCR-RFLP haplotypes B, F, J, and T (summarized in Table 14). 
The relative magnitudes of intra- and inter-haplotypic sequence
differences were assessed using the AMOVA approach of Excoffier
et al. (1992) in the Hrincevich and Foltz (1996) study of the
CR, who concluded that nearly all (97%) of the sequence
variation was inter-haplotypic rather than intra-haplotypic. 
Because of the negligible amount of intra-haplotypic sequence
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Figure 22.  Mapping of the 13 informative restriction sites
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A, B, C, D Pattern
1, 4 Nla III
2, 6, 13 Dde I
3, 7 ScrFI
5 Ase I
8, 10 HinF I
9 Rsa I
11, 12 Dpn II
8
8
Table 13.  Intra-haplotypic nucleotide sequence variation within the 549-bp CR for
multiple individuals within a particular PCR-RFLP Leptasterias haplotype.  Collection
locations and map coordinates are given to illustrate sequence conservation across a
wide geographic range.  Representatives within a particular PCR-RFLP haplotype are
grouped together.  Asterisks (*) indicate a nucleotide position was not informative for
illustrating intrahaplotypic sequence variation at a particular nucleotide position
within a haplotype, dashes (-) indicate an insertion/deletion site, and question marks
(?) indicate unknown nucleotide identity.
   Nucleotide Position
      1  1  2  2  2  2  3
PCR-RFLP Collection 2  5  7  8  0  0  2  2  0
Haplotype Location Latitude  / Longitude 4  5  1  7  4  6  1  2  3
A Anacortes, WA 48/30.5'N / 122/41.5'W *  *  *  *  *  *  *  -  *
A Middle Cove, OR 43/18.5'N / 124/24.2'W *  *  *  *  *  *  *  G  *
A Middle Cove, OR 43/18.5'N / 124/24.2'W *  *  *  *  *  *  *  -  *
B False Bay, WA 48/28.9'N / 123/ 4.2'W *  *  *  *  *  *  T  *  *
B Mitchell Bay, WA 48/33.2'N / 123/10.2'W *  *  *  *  *  *  G  *  *
D Sekiu, WA 48/16.9'N / 124/26.3'W *  T  A  *  *  *  *  G  *
D Sekiu, WA 48/16.9'N / 124/26.3'W *  T  A  *  *  *  *  G  *
D Doran Rocks, CA 38/19.5'N / 123/ 2.8'W *  C  T  *  *  *  *  -  *
D Doran Rocks, CA 38/19.5'N / 123/ 2.8'W *  C  T  *  *  *  *  -  *
F Amchitka, AK 51/21.5'N / 179/23.8'E *  *  *  *  T  T  *  *  *
F Homer, AK 57/40.2'N / 151/42.1'W *  *  *  *  T  C  *  *  *
F Kodiak Is., AK 57/55.6'N / 152/19.5'W *  *  *  *  G  C  *  *  *
F Little Port Walter, AK 56/23.3'N / 134/38.3'W *  *  *  *  T  C  *  *  *
K Doran Rocks, CA 38/19.5'N / 123/ 2.8'W C  *  *  T  *  *  *  -  A
K Doran Rocks, CA 38/19.5'N / 123/ 2.8'W ?  *  *  T  *  *  *  -  ?
K San Simeon, CA 35/38.4'N / 121/12.0'W T  *  *  C  *  *  *  G  G
8
9
Table 14.  Intra-haplotypic nucleotide sequence variation for a 993-bp portion of the
COX-I gene for multiple individuals within a particular PCR-RFLP Leptasterias haplotype. 
The information presented here does not represent complete intra-haplotypic sequence
variation across all PCR-RFLP haplotypes.  At this time in the study (ca. 2000), primers
had not been developed to extend the COX-I/ND4-L (less tRNA-Arg) protein coding
sequences to the full-length of 1644-bp.  Due to the low level intra-haplotypic sequence
variation, single representatives from each of the 24 PCR-RFLP haplotypes were used for
final sequence analyses with the same individual sequenced for both the CR and COX gene
regions (see Table 1).  Collection locations and map coordinates are given to illustrate
sequence conservation across a wide geographic range.  Representatives within a
particular PCR-RFLP haplotype are grouped together.  Asterisks (*) indicate a nucleotide
position was not informative for illustrating intra-haplotypic sequence variation at a
particular nucleotide position within a haplotype.  In this preliminary analysis, all
intra-haplotypic sequence variation was synonymous, third position nucleotide changes
within a particular haplotype.
   Nucleotide Position
1  2  2  2  3  3  4  4  4
PCR-RFLP Collection 3  2  4  8  2  8  1  7  9
Haplotype Location Latitude  / Longitude 5  8  3  5  1  7  1  4  5
B False Bay, WA 48/28.9'N / 123/ 4.2'W   *  *  *  *  *  T  *  *  *
B False Bay, WA 48/28.9'N / 123/ 4.2'W   *  *  *  *  *  A  *  *  *
F Homer, AK 57/40.2'N / 151/42.1'W   *  G  *  *  *  *  *  *  G
F Little Port Walter, AK 56/23.3'N / 134/38.3'W   *  A  *  *  *  *  *  *  A
J Kiska Is., AK 52/ 0.0'N / 177/30.0'E   *  *  *  *  T  *  G  *  *
J Amchitka, AK 51/21.5'N / 179/23.8'E   *  *  *  *  C  *  A  *  *
T Dutch Harbor, AK 53/55.0'N / 166/30.0'W   C  *  A  C  *  *  *  G  *
T Dutch Harbor, AK 53/55.0'N / 166/30.0'W   C  *  A  C  *  *  *  G  *
T Kiska Is., AK 52/ 0.0'N / 177/30.0'E   T  *  G  G  *  *  *  A  *
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differentiation, the present analyses were done on only one
representative of each of the 23 PCR-RFLP haplotypes (A-X, less
M plus L. polaris; summarized in Table 1).  By sequencing the
same individual for both the CR and COX gene regions, I was
able to compare the two gene regions most directly.
Secondly, some of the analyses (such as the ANOVA
comparison of dN/dS ratios within and between species) are
based on the assumption that the major clades depicted in
Figure 15 represent separate morphological species (in the
taxonomy of Fisher, 1930).  A previous study (Flowers and Foltz
2001; see also Flowers, 1999) used both sequencing of mtDNA
extracted and amplified from voucher specimens, plus
statistical analysis of 8-11 morphological characters, to
associate five of the major clades with previously-described
species (Fisher, 1930).  However, one major clade contained a
mixture of subtidal specimens that morphologically resembled
Leptasterias camtschatica and intertidal specimens that
morphologically resembled L. aleutica.  Principal component
analysis of eight morphological characters found no evidence
for morphological intermediacy suggestive of hybridization
between the two nominal species.  Both species shared inferred
PCR-RFLP haplotypes I, Q, and T, and five L. aleutica and 13 L.
camtschatica shared a particular sequence type based on the
right-most 300-bp of the putative control region and 16S rRNA
gene that was examined in 52 Leptasterias collected at Kanaga
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Island, AK.  As discussed by Flowers and Foltz (2001), sharing
of sequence haplotypes can result from either hybridization or
retention of ancestral sequences within two presumably
recently-diverged daughter species.  Hybridization or retention
of ancestral sequences can produce discordance between the
inferred genealogy of the PCR-RFLP haplotypes and the
organismal genealogy, in a fashion that is similar to but not
identical with homoplasy at the restriction site or
nucleotide-site level.  At a more practical level, sharing of
sequence types and PCR-RFLP haplotypes between these two
nominal species means that they can be recognized currently
only on morphological criteria, not molecular criteria.
There is also evidence of possible morphological
heterogeneity and reproductive isolation within major clades
other than the L. aleutica/L. camtschatica complex, again
suggesting a somewhat complicated relationship between the
PCR-RFLP types and organismal genealogies.  As discussed in
Foltz (1997), haplotypes A and B within L. aequalis are mostly
reproductively isolated (frequency of presumptive
first-generation hybrids is 3%) at Mitchell Bay, Washington, as
determined by genotype frequencies at two allozyme loci
(arginine kinase and peptidase) that are differentiated between
the two haplotypes at that location.  An earlier study
(Flowers, 1999) used canonical discriminant analysis of nine
morphological characters to show that haplotypes A and B at
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Mitchell Bay are morphologically distinct as well, with little
overlap in canonical variable scores.  The concordance of
morphological and molecular data for a sympatric sample of
haplotypes A and B suggests that they may represent separate
biological species.  Based on smaller amounts of allozyme data
and no morphological data, haplotypes E and F within L.
alaskensis at Shemya Island, AK and haplotypes D and K within
L. aequalis at Doran Rocks, California are also mostly
reproductively isolated (Foltz, 1997), but their biological
status is less certain.  Foltz et al. (1996b) used principal
component analysis applied to polymorphic allozyme alleles to
demonstrate that there was no multi-modal genetic heterogeneity
among individuals of the A haplotype sampled from four
locations in the San Juan Islands, Washington.  However, more
recent analysis of additional samples of this haplotype from
exposed coastal locations in southern British Columbia through
northern California have revealed both morphological (Flowers,
1999) and allozymic (Foltz, 1997, 1998) heterogeneity between
exposed and sheltered sites.  This concordant pattern of
genetic and morphological differentiation is consistent with
the existence of separate biological species within the A
haplotype.  However, there is no comparable genetic
differentiation at the DNA sequence level between individuals
of haplotype A that were collected at exposed and sheltered
locations.  For example, intra-haplotypic sequence variation
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within the three A haplotype sequences listed in Table 13
represents individuals collected at exposed-site locations. 
More importantly, samples collected from sheltered sites such
as Friday Harbor, Washington (Hrincevich and Foltz, 1996) also
had the same pattern of intra-haplotypic sequence variation, an
indel at position 222.  Furthermore, this analysis is
complicated by the large frequency differences observed for
allozyme alleles within particular haplotypes, even when the
samples being compared are from similar habitats and are
separated by short geographical distances (D.W. Foltz, personal
communication).  For example, Wright’s Fst statistic (Wright,
1969) within L. alaskensis and within L. hexactis, in the Lynn
Canal region of Alaska ranged from 0.14-0.21, which is an
appreciable level of differentiation.  The corresponding range
of Fst values for L. hexactis, L. aequalis (haplotype A), and
L. aequalis (haplotype B) in the Puget Sound region of
Washington was 0.07-0.24.  This fine-scale (10-25 km) genetic
differentiation within a uniform habitat, which presumably
reflects the brood-protecting mode of reproduction in this
genus, complicates the diagnosis of biological species, even
when using a combination of morphological and molecular
characters.  The difficulty of identifying the specific or
sub-specific status of allopatric populations of low-gene-flow
organisms has long been recognized, regardless of whether a
biological species concept or a phylogenetic species concept is
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used, because such populations will usually have at least one
fixed or nearly fixed genetic difference between them (see
discussion in Avise, 2000).  As in the above discussion of
homoplasy, further clarification of the biological status of
the PCR-RFLP types will ultimately require collection of
extensive additional data for morphological, mtDNA sequence,
and nuclear characters.
The two most recent studies which examine sequence
variation within echinoderm populations are those of Williams
(2000) and Sponer et al. (2001).  Williams (2000) examined
COX-I gene sequence variation in the starfish genus Linckia
while Sponer et al. (2001) examined 16s rRNA and nuclear
ribosomal internally transcribed spacer (ITS) region sequence
variation in the brittle star Amphipholis squamata.  However,
both of these studies saw similar difficulties in diagnosing
distinct species lineages (possibly due to cryptic species
issues) and used similar terminology as I did such as “major
clades” to classify distinct groups of individuals.
The existence of a well-corroborated phylogenetic tree
(Figure 15) allows the restriction site data collected by other
investigators (Foltz et al., 1996a, 1996b, and unpublished) to
be analyzed for the presence of restriction site homoplasy. 
While the presence or absence of the 13 polymorphic restriction
sites (see Figure 4 for details) was able to be mapped on the
global ML tree using the Reconstruct command in PAUP*4.0, this
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information does not always allow the actual ancestral state to
be determined unambiguously.  However, it is reasonable to
assume in cases of ambiguity that this ancestral state may be
most similar to the L. polaris sequence, since it was used as
the outgroup.  In this sense, the ancestral state could be
inferred as the presence of restriction sites 3, 4, 6, 11, and
13 (see Figure 22 and Table 15 for details) while lacking the
remaining sites.  This line of reasoning agrees with the
results of the MPR-sets analysis of PAUP*4.0 which maps
characters onto a tree using the most parsimonious
reconstruction, with the exception of sites 4 and 6.  These two
sites were assigned ambiguous states for the ancestral
condition in PAUP*4.0 because multiple equally parsimoniously
trees could be generated depending on the assignment of the
ancestral state.  I assigned these two sites to be present in
the ancestral state because they were present in the outgroup.
 Mapping of the 13 polymorphic restriction sites shows how
that site was either gained or lost in the phylogeny, starting
from a common ancestral type (discussed above).  However,
because a restriction site can be lost through many different
mutational scenarios, a deeper understanding of the pattern of
gains and losses can be obtained by coding each PCR-RFLP
haplotype separately according to the specific nucleotide site
that mutated to cause the loss of the site.  For example, the
recognition sequence of DdeI is 5'–CTNAG–3'.  The PCR-RFLP
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Table 15.  Scoring of RFLPs from 13 polymorphic restriction
sites (1-13) within the putative control region and flanking
sequences of each PCR-RFLP haplotype.  Upper-case, green
letters indicate presence of a restriction site for a
particular enzyme, where different letters within an enzyme
indicate the shifting of the site.  Lower-case, red letters
indicate absence of restriction site, where different letters















































































A a a a a b a a a a a A a a
B a a a a b a a a A a a a A
C a a a A b b A c a a A a b
D a a a a b b A a a a A a A
E a a A a c A c A b A a a a
F a a A a A A c b c A a a a
G a a a A d a a c a a a a b
H a a A a A c d b c A a a a
I a a B A a b A b a a A a a
J a a B a a a a b a a A a A
K A a a a b b A a d A a a A
L A a a a b B A a d A a a A
N a A B A a b A b a a A a a
O a a B A c b a b a a a a b
P a a A a A A c b c a a a a
Q a a B A a b A b a a a a a
R a a B a a b A b a a A a a
S a a B a a b a b a a a a a
T a a B A B b A b a a a a a
U a a B A a b a b a a A a a
V A a a a b b A a A A a A A
W a a a A b a a c a a A a b
X a a a a b a a a A A a a A
Pol a a B A a A b a a A A a A
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haplotypes having the sequences 5'-CCNCG-3', 5'-CCNGG-3', or
5'-CCNTG-3' (where red, underlined nucleotides indicate a
substitution) have both mutated to lose the site and would be
scored the same for that loss (i.e. 6B in a red circle from
Figure 22).  The PCR-RFLP haplotypes having the sequence
5'-CCNAG-3' would be scored differently since the DdeI site was
lost through mutation at a different nucleotide site (i.e. 6A
in a red circle from Figure 22).  Additionally, PCR-RFLP
haplotypes having the sequence 5'-CTNGG-3' would be scored
differently (i.e. 6C in a red circle from Figure 22) using the
same rationale.  A similar line of reasoning was used to score
the presence of a restriction site if that site had shifted in
PCR-RFLP haplotypes.  For example, PCR-RFLP haplotype T had an
AseI site at positions 290-295 (see Appendix A) while PCR-RFLP
haplotype F had the AseI site at positions 294-299, shifting
the location of the site.  Accordingly, these sites were scored
differently for the two PCR-RFLP haplotypes (5B and 5A,
respectively, in green circles from Figure 22).
There is evidence of homoplasious gains and losses of
individual restriction sites.  Some of the evidence is
molecular and some is phylogenetic.  For example, restriction
site number 4 is present in the ancestral state and L. polaris. 
It is lost in the L. leptodoma clade and for several haplotypes
within the L. aleutica/L. camtschatica clade (i.e., R and S). 
The site is lost in the L. alaskensis and L. aequalis clades,
99
while regained in the L. hexactis clade.  The same situation is
observed for site number 6 which is lost and gained multiple
times along the phylogenetic tree.  Overall, homoplasy could be
identified for 10 of the 13 polymorphic restriction sites on
the basis if a site was lost and then regained, and visa versa,
regardless of the mutation which caused the change.  On a more
specific basis, homoplasy could be identified in 8 of these 10 
restriction sites when specific types of gain/losses were
examined.  It is not clear what evolutionary processes lead to
this homoplasy in individual characters or convergence in
overall pattern.  It is also unclear how this level of
homoplasy should be interpreted without additional data and
appropriate statistical programs designed to address this topic
specifically.
COMPARISON TO OTHER ECHINODERMS
The partial COX-I and ND4-L genes sequences were 61% and
68% AT-rich, respectively (summarized in Table 4).  On the
codon level, there is a unequal distribution of the four
nucleotides when examining codon position.  There is a general
trend of not using G in the third codon position of 2-, 3-, or
4-fold degenerate amino acids.  This pattern is similar to that
observed in other echinoderm species studies.  While these
studies did not perform the same types of analyses as I did, it
was possible to examine nucleotide composition and codon usage
based on GenBank sequences.
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For example, Williams (2000) examined genetic variation
within the genus Linckia using partial COX-I sequences (613-bp)
and 16 allozyme loci, and Hart et al. (1997) examined life
history evolution within the genera Patirella, Oreaster, and
Asterina using complete COX-I sequences (1554-bp)and five tRNA
genes.  Using MEGA version 2.1, I was able to summarize their
data, as I did in Table 5 (details not shown).  The re-analysis
produced results similar to my own: the COX-I gene illustrated
a strong bias against using G in the third codon position
within the sea star genera.  Even within more distantly related
echinoderms such as the crinoids (Florometra serratissima,
Scouras and Smith, 2001), sea urchins (Strongylocentrotus
purpuratus, Jacobs et al., 1988; Paracentrotus lividus,
Cantatore et al., 1989; Arbacia lixula, De Giorgi et al.,
1996), and sea cucumbers (Cucumaria spp., Arndt and Smith,
1998), there is a similar avoidance of G in the third codon
position of various protein-coding genes.  The reason for this
avoidance may be due to the overall trend of invertebrate
species being AT-rich in their mtDNA sequences, so a G
nucleotide is statistically less common overall.
Within the COX-I and ND4-L gene sequences of this study,
codon bias is also observed when codons are 2-, 3-, or 4-fold
degenerate.  Tables 16, 17, and 18 summarize codon usage in
these two genes.  For example, the codon for serine is 4-fold
degenerate (see Figure 6).  Equal frequencies between these
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Table 16.  Codon usage in the partial COX-I gene sequence for
the 23 Leptasterias haplotypes (A-X, less M plus L. polaris)
examined in this study based on the echinoderm mitochondrial
genetic code (Himeno et al., 1987).  Codons are indicated using
DNA rather than RNA nucleotide for consistency (where T would
equal U) and amino acids are listed in parentheses using
single-letter IUPAC abbreviations.  Values are expressed as
percents and are averaged over all taxa.  An asterisk (*)
indicates a stop codon.
TTT(F) 7.75 TCT(S) 4.66 TAT(Y) 1.57 TGT(C) 0.00 
TTC(F) 1.57 TCC(S) 1.07 TAC(Y) 1.64 TGC(C) 0.00 
TTA(L) 5.27 TCA(S) 1.14 TAA(*) 0.23 TGA(W) 2.95
TTG(L) 0.41 TCG(S) 0.09 TAG(*) 0.00 TGG(W) 0.23 
CTT(L) 2.64 CCT(P) 3.41 CAT(H) 1.82 CGT(R) 0.59 
CTC(L) 1.36 CCC(P) 2.18 CAC(H) 2.11 CGC(R) 0.11 
CTA(L) 2.02 CCA(P) 0.59 CAA(Q) 0.80 CGA(R) 1.48 
CTG(L) 0.30 CCG(P) 0.09 CAG(Q) 0.11 CGG(R) 0.00 
ATT(I) 4.52 ACT(T) 2.25 AAT(N) 1.05 AGT(S) 0.23 
ATC(I) 1.14 ACC(T) 2.36 AAC(N) 0.55 AGC(S) 0.45 
ATA(I) 2.45 ACA(T) 2.25 AAA(N) 1.36 AGA(S) 0.75 
ATG(M) 3.64 ACG(T) 0.09 AAG(K) 1.14 AGG(S) 0.00 
GTT(V) 1.45 GCT(A) 3.64 GAT(D) 1.73 GGT(G) 1.50 
GTC(V) 0.91 GCC(A) 2.30 GAC(D) 1.18 GGC(G) 0.80 
GTA(V) 3.86 GCA(A) 1.89 GAA(E) 1.36 GGA(G) 5.59
GTG(V) 0.34 GCG(A) 0.09 GAG(E) 0.30 GGG(G) 0.68
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Table 17.  Codon usage in the partial ND4-L gene sequence for
the 23 Leptasterias haplotypes (A-X, less M plus L. polaris)
examined in this study based on the echinoderm mitochondrial
genetic code (Himeno et al., 1987).  Codons are indicated using
DNA rather than RNA nucleotide for consistency (where T would
equal U) and amino acids are listed in parentheses using
single-letter IUPAC abbreviations.  Values are expressed as
percents and are averaged over all taxa.  An asterisk (*)
indicates a stop codon.
TTT(F) 4.40 TCT(S) 4.05 TAT(Y) 2.26 TGT(C) 2.38
TTC(F) 0.00 TCC(S) 5.48 TAC(Y) 0.12 TGC(C) 0.00
TTA(L) 9.05 TCA(S) 1.19 TAA(*) 0.00 TGA(W) 0.00
TTG(L) 0.71 TCG(S) 0.00 TAG(*) 0.00 TGG(W) 0.00
CTT(L) 9.29 CCT(P) 0.00 CAT(H) 0.00 CGT(R) 0.00
CTC(L) 6.90 CCC(P) 0.00 CAC(H) 1.19 CGC(R) 0.83
CTA(L) 4.17 CCA(P) 0.00 CAA(Q) 0.00 CGA(R) 1.55
CTG(L) 0.36 CCG(P) 0.00 CAG(Q) 0.00 CGG(R) 0.00
ATT(I) 8.10 ACT(T) 1.43 AAT(N) 2.38 AGT(S) 0.12
ATC(I) 1.79 ACC(T) 1.19 AAC(N) 0.36 AGC(S) 0.00
ATA(I) 5.36 ACA(T) 0.95 AAA(N) 3.57 AGA(S) 1.19
ATG(M) 1.19 ACG(T) 0.00 AAG(K) 0.00 AGG(S) 1.07
GTT(V) 4.40 GCT(A) 2.02 GAT(D) 0.71 GGT(G) 0.95
GTC(V) 0.00 GCC(A) 2.38 GAC(D) 0.12 GGC(G) 0.24
GTA(V) 0.24 GCA(A) 0.00 GAA(E) 2.38 GGA(G) 3.57
GTG(V) 0.00 GCG(A) 0.36 GAG(E) 0.00 GGG(G) 0.12
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Table 18.  Codon usage in the combined COX-I and ND4-L partial
gene sequences for the 23 PCR-RFLP Leptasterias haplotypes
(A-X, less M plus L. polaris) examined in this study based on
the echinoderm mitochondrial genetic code (Himeno et al.,
1987).  Codons are indicated using DNA rather than RNA
nucleotide for consistency (where T would equal U) and amino
acids are listed in parentheses using single-letter IUPAC
abbreviations.  Values are expressed as percents and are
averaged over all taxa for both gene regions.  An asterisk (*)
indicates a stop codon.
TTT(F) 7.22 TCT(S) 4.56 TAT(Y) 1.67 TGT(C) 0.37
TTC(F) 1.32 TCC(S) 1.77 TAC(Y) 1.39 TGC(C) 0.01
TTA(L) 5.88 TCA(S) 1.15 TAA(*) 0.19 TGA(W) 2.48
TTG(L) 0.47 TCG(S) 0.08 TAG(*) 0.00 TGG(W) 0.19
CTT(L) 3.70 CCT(P) 2.87 CAT(H) 1.52 CGT(R) 0.49
CTC(L) 2.24 CCC(P) 1.84 CAC(H) 1.96 CGC(R) 0.23
CTA(L) 2.37 CCA(P) 0.49 CAA(Q) 0.67 CGA(R) 1.48
CTG(L) 0.30 CCG(P) 0.08 CAG(Q) 0.10 CGG(R) 0.02
ATT(I) 5.10 ACT(T) 2.12 AAT(N) 1.26 AGT(S) 0.21
ATC(I) 1.24 ACC(T) 2.16 AAC(N) 0.50 AGC(S) 0.38
ATA(I) 2.93 ACA(T) 2.04 AAA(N) 1.72 AGA(S) 0.83
ATG(M) 3.24 ACG(T) 0.07 AAG(K) 0.95 AGG(S) 0.17
GTT(V) 1.92 GCT(A) 3.38 GAT(D) 1.57 GGT(G) 1.41
GTC(V) 0.77 GCC(A) 2.31 GAC(D) 1.00 GGC(G) 0.70
GTA(V) 3.28 GCA(A) 1.59 GAA(E) 1.52 GGA(G) 5.28
GTG(V) 0.28 GCG(A) 0.12 GAG(E) 0.24 GGG(G) 0.59
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four codons would be expected if there was no bias.  However,
UCC, UCA, and UCG are used 38.5%, 25.0%, and 1.8% as often,
respectively, as compared to the UCU codon in the combined
COX-I and ND4-L gene regions (summarized in Table 18).
Additionally, the start codon used for the ND4-L gene is
ATT in all 23 PCR-RFLP haplotypes and L. polaris.  In the
conventional echinoderm mtDNA genetic code (see Figure 6), ATT
specifies isoleucine, but presumably the start codon is
translated as formylated methionine, as happens in other
eukaryotic organelles (Lewin, 2000).  Comparison of this
situation with other echinoderm mtDNA species sequences (cited
above) shows that not only ATG, but also ATT and GTG appear to
be used as initiation codons.
As indicated in the Results section, the nucleotide
substitution rates were significantly greater for
between-species comparisons than within-species comparisons. 
Even though the phylogenetic nodes separating different species 
were much deeper than nodes within a species, this had no
detectable effect on the substitution process for the two
protein-coding genes examined in this study.  In particular,
there was no significant difference in dN/dS ratios for
between-species branches versus within-species branches in the
phylogeny of Leptasterias subgenus Hexasterias.  The
within-species branches had, on average, dN/dS ratios that were
only 7% larger than the corresponding dN/dS ratios for
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between-species branches.  Accordingly, the next obvious step
would be to compare the results of this study to other
echinoderm studies.  Unfortunately, these types of analyses are
not frequent in the literature.
There have been studies which examine dN, dS, and dN/dS
rate ratios within and between species, but these are limited
to non-echinoderm taxa such as deep-sea clams (Peek et al.,
2000), primates (Hasegawa et al., 1998), and birds (Marshall
and Baker, 1998); a recent review is by Nielsen and Weinreich
(1999).  While the complete genomes of several echinoderm
species have been determined, there are few studies which
examine multiple individuals within a species or species
complex for more than one mitochondrial gene region, as was
done in the current study.  In general, the between-species
dN/dS rate ratios varied in the previously cited studies for
different organisms, with no obvious pattern which could be
compared to the results of this study.  However, one
particularly interesting finding in the previously mentioned
studies is an elevated dN/dS rate ratio within-species versus
between-species (see Hasegawa et al., 1998).
The dN/dS rate ratio can assume three general values.  In
the situation where dN/dS > 1, adaptive evolution may be
responsible.  For example, changing environmental conditions
may favor modification of proteins in order to adapt.  These
changes may be in the form of non-synonymous substitutions
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which would change amino acid identities.  When dN/dS = 1,
nucleotide substitutions would be completely random without
respect to codon position or transitions or transversions,
indicative of a purely neutral evolutionary process.  In the
situation where dN/dS < 1, purifying selection may be acting to
remove deleterious mutations which may have accumulated in a
population (for more information, see Yang, 1997).
The most likely interpretation for greater within-species
dN/dS ratios compared to between-species ratios is the
hypothesis that the former values reflect the influence of
slightly deleterious mutations (Ohta, 1992).  Ultimately, these
mutations should be eliminated from the population and rarely
contribute to between-species divergence.  Since the synonymous
rates are expected to be homogeneous within and between
species, such a variation in non-synonymous rates caused by
deleterious mutations will lead to higher dN/dS rate ratios
within-species than between-species.  The absence of
significantly greater dN/dS ratios for within-species branches
in the present study, compared to the same ratio estimated for
between-species branches, is potentially due to several causes,
including more stringent purifying selection acting on
mutations or larger effective population sizes, compared to the
studies cited above (see discussion in Gillespie, 1998). 
However, the most likely cause is the fact that the
Leptasterias phylogeny includes many long branches within
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species (major clades), as well as having long branches
separating the major clades.  This result could reflect the
probable existence of multiple biological species within some
of the major clades, such as the Leptasterias aleutica/L.
camtschatica clade (see discussion above).  Also, the PCR-RFLP
haplotypes are not drawn randomly from the populations sampled,
but represent molecular lineages that have persisted long
enough in evolutionary time to have accumulated substitutions
or indels at the diagnostic restriction sites.  The presumed
greater age of these lineages, compared to purely
randomly-related sequences, increases the time interval over
which purifying selection or reversion mutation could act to
remove the deleterious mutations from the species.  This
situation might lower the dN/dS ratio for within-species
comparisons to a value closer to that for between-species
comparisons.
ASSUMPTIONS AND LIMITATIONS OF THE SECONDARY STRUCTURE
ESTIMATION
Secondary structure modeling is another method used to
analyze DNA sequence data for patterns of nucleotide
substitution.  Specifically, secondary structure estimates can
be used to locate whether a nucleotide substitution is
occurring in a paired (i.e. stem) or unpaired (loop or bulge)
region of the molecule.
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The results presented here demonstrate that the computer
program MFOLD was able to predict secondary structures for the
three complete tRNA molecules and the partial 12s rRNA molecule
sequence.  Comparison of these structures to those of Asakawa
et al. (1995) are also very similar.  For example, the folding
of the tRNA-Glu molecules in Asterina pectinifera and the 23
PCR-RFLP haplotypes are equivalent in topology.  Each of the
four stem regions and associated loops are identical in length,
with varying nucleotide composition due to the compensatory
substitutions that must have taken place between A. pectinifera
and Leptasterias in order to conserve folding-integrity of the
molecule.  Similar conservation of topology between Asterina
and Leptasterias is observed in the other two tRNA molecules. 
In the 12s rRNA molecule, a stem structure 10-bp in length and
identical in nucleotide sequence is observed in A. pectinifera,
Pisaster ochraceus, Leptasterias polaris, and all 23 PCR-RFLP
haplotypes within the Camtschatica section.
When examining tRNA molecules in general, apparently there
are many factors which influence structural folding of the
molecule.  These may include large size variations in the DHU
and TQC loops and sequence of the acceptor stem region.  The
anti-codon sequence is just one factor that contributes to
folding integrity of the molecule (Saks et al., 1994; Smith and
Hurst, 1999; Helm et al., 2000; Tocchini-Valentini et al.,
2000).  Therefore, overall conservation of secondary structure
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of the tRNA molecule may not be as important as conserving
specific regions of the molecule even within congeneric species
(Saks and Sampson, 1995).  
Secondary structure estimates were not generated for the
remaining five gene regions for several reasons.  In the case
of the partial COX-I and ND4-L gene sequences, preliminary
secondary structures generated by MFOLD were too variable
between the different haplotypes.  This may have been in part
due to the variability of these sequences between haplotypes
and the degeneracy of the genetic code which retained amino
acid identity among haplotypes or similar amino acid
substitutions.  As a result, secondary structures generated for
each haplotype within these two regions were not used for the
analyses due to the extreme variability between haplotypes as
compared to the other genes.  Additionally, due to the complex
nature of the putative control region and the indels observed
in this region, accurate estimates of secondary structure could
not to be calculated using MFOLD.
While the MFOLD program would have been useful to examine
the topic of compensatory nucleotide changes, there were no
instances of this case in the mtDNA regions examined.  If two
regions of mtDNA are directly associated with each other in
terms of base-pairing, one nucleotide substitution should
result in a compensatory change in the associated region.  It
is possible that increased sampling of sequences within
110
PCR-RFLP haplotypes may uncover this type of nucleotide
substitution which may serve to further corroborate the
secondary structures generated in this study.  It should be
noted that the G-T base pairing was not considered to be
compensatory because only one member of the internal base pair
was mutated.  This type of base pairing has been observed in
stem regions of other animal mtDNA molecules (see Asakawa et
al., 1995).  It is thought that these tRNAs may have a loosened
(less extensively intra-molecular hydrogen-bonded) tertiary
structure, which has been supported in biochemical and
biophysical studies (Kumazawa et al., 1989).
ASSUMPTIONS OF THE PRINCIPAL COMPONENTS ANALYSIS
In principal components analysis (PCA), the p original
variables are transformed into linear combinations called
“principal components”.  The first principal component is
defined as the linear combination with maximal sample variance
among all linear combinations of the variables.  This component
can be thought of as a line onto which transformed data points
are projected orthogonally, or perpendicularly.  A “best fit
line” drawn to these points is represented by one which
maximizes the sum of the squared projections and minimizes the
sum of squared orthogonal distances from the points to the
line.  The second and subsequent principal components represent
the direction of maximum remaining sample variance, with the
last principal component being defined as p - 1.  The overall
111
result is a two-dimensional plot which shows the maximum spread
in the cluster of points.  Prominent patterns in the data, such
as clustering of points or outliers, will be shown in the plot
and the dimensionality of the raw data can be reduced to fewer
axes for graphical display (for more information, see Rencher,
1998).
The goal of this type of analysis is to find a few
principal components that explain a large proportion of the
total sample variance.  If the original variables are highly
intercorrelated, the first few principal components will be
able to explain most of the variation within a data set.  The
existence of structural correlations (as in the numerical
requirement that all nucleotide frequencies must add to 1.0)
presents no difficulty in the PCA, and the principal components
have the advantage that they are uncorrelated with each other
even if the original variables are highly intercorrelated.  If,
however, the original variable are only slightly
intercorrelated, the resulting principal components will
largely reflect the original variables.
UNANSWERED QUESTIONS
One of the more puzzling aspects of this study and
previous work within the Leptasterias subgenus Hexasterias
section Camtschatica, is the extreme allozymic and
morphological heterogeneity observed within some PCR-RFLP
haplotypes.  This is most evident within haplotype A
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individuals collected in the protected waters of the Puget
Sound region versus individuals collected at more exposed
coastal locations in southern British Columbia through northern
California.  Comparison of samples from sheltered and exposed
sites revealed both morphological (Flowers, 1999) and allozymic
(Foltz, 1997, 1998) heterogeneity between coastal environments. 
This pattern of geographic variation might be due to (1)
adaptation to local environments (Yamada, 1989) as a result of
the brood-protecting mode of reproduction (Chia, 1966a), or (2)
genetic drift over successive generations, or (3) taxonomic
heterogeneity (cryptic species).  Additionally, individuals of
haplotype A collected in the San Juan Islands, Washington have
morphological characters that are intermediate between those of
haplotype B and C which also inhabit this region (Flowers,
1999).  Hybridization would explain some of the intermediacy
issues, but has been ruled out based on allozyme polymorphisms
(Foltz, 1997).  Why this level of heterogeneity is observed
over such short geographic distances within haplotype A and not
seen in more broadly distributed individuals, such as haplotype
F, remains unclear.
FUTURE RESEARCH
Future studies may include sequencing multiple
representatives from each PCR-RFLP haplotype, to determine a
more accurate estimate of intra-haplotypic nucleotide sequence
variation and the frequency of restriction-site homoplasy. 
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Ideally, only complete gene sequences (rather than partial
sequences) would be the choice for analysis.  The addition of
sequence data from single-copy, nuclear gene regions would also
be ideal.  Many such studies have examined patterns of
nucleotide substitutions in nuclear regions, but again they are
limited to non-echinoderm taxa such as Drosophilia (Verrelli
and Eanes, 2001, 2000; Weinreich and Rand, 2000) or primates
(Hasegawa et al., 1998).
Sampling additional taxa from different locations would be
optimal.  For example, material collected from Russian or Asian
waters (see Djakonov, 1950) would provide additional species
and additional outgroups.  Also, sampling along the entire
geographical distribution within a species may help to further
examine intra-specific variation and address the issue of
taxonomic complexity within this diverse group of sea stars.
SUMMARY AND CONCLUSIONS
In the data set examined in this study, I was able to
amplify and sequence 23 PCR-RFLP Leptasterias spp. haplotypes
plus L. polaris.  The sequence data spanned two separate
regions of the mitochondrial genome and represented a total of
2193 aligned nucleotides.  These two regions contained coding
(COX-I and ND4-L), non-coding (putative control region), and
structural (tRNA-Glu, tRNA-Thr, and tRNA-Arg) regions of the
mitochondrial genome.  Based on the availability of primers
which would successfully amplify each haplotype and mtDNA
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region, I was able to sequence approximately 85% of each of the
two partial protein-coding gene sequences.  The results of this
study indicate that nucleotide composition varied by gene or
gene region, with no obvious association of structurally or
functionally similar genes.  There were differences in
transition and transversion rate ratios and the proportion of
invariable sites for the different domains examined.  The ratio
of non-synonymous substitutions to synonymous substitutions was
estimated separately for between-species and within-species
branches, but no significant differences were found.  While
intra-haplotypic sequence variation was minimal (less than 1%),
the results of this study reinforce previous findings that the
23 molecular lineages consistently form five phylogenetically
distinct assemblages which are proposed to represent separate
species or species complexes.
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APPENDIX A.  NUCLEOTIDE SEQUENCE FOR A 549-BP REGION OF THE MITOCHONDRIAL
GENOME REPRESENTING THE PUTATIVE CONTROL REGION AND FLANKING SEQUENCES FOR
23 PCR-RFLP HAPLOTYPES (LABELED A-X, LESS M) IN A SEA STAR (LEPTASTERIAS
SPP.) COMPLEX AND AN OUTGROUP (LEPTASTERIAS POLARIS, LABELED POL)
The internal sequencing primer described under Materials and Methods is shown at
positions 191-209.  Sequences are displayed in contiguous blocks of 10 nucleotides
separated by white space and every 10th nucleotide is numbered.  The various gene
regions within the PCR product (identified as described in the text) are shown by a
horizontal line and delimited by brackets.  Restriction sites and recognition sequences
for enzymes that reveal diagnostic differences between the Leptasterias haplotypes are
shown as follows: A (AseI, 5'-AT?TAAT-3'), D (DdeI, 5'-C?TNAG-3'), H (HinfI,
5'-G?ANTC-3'), N (NlaIII, 5'-CATG?-3'), R (RsaI, 5'-GT?AC-3'), S (ScrFI, 5'-CC?NGG-3'),
and P (DpnII, 5'-?GATC-3').  Restriction sites for enzymes that are monomorphic (N=5)
are shown using the same abbreviations with an asterisk; H*, N*, R*, and S*.  Cleavage
sites (as indicated by a ?) are indicated for each restriction enzyme recognition
sequence and also shown below each enzyme in the sequence alignment.  Plus (+) symbols






                      12s (small subunit) rDNA                         tRNA-Glu
                                                                                     ][                                      
                                               S*
       ?                                  
Haplotype         10         20         30         40         50         60         70
A GAAAAGTCGT AACAAAGTAG GCGTATTGGA AAATGTGCCT GGTATAAATA TTCCTGTAGT TGAAACAACA 
B .......... .......... .......... .......... .......... .......... .......... 
C .......... .......... .......... .......... .......... .......... .......... 
D .......... .......... .......... .......... .......... .......... .......... 
E .......... .......... .......... .......... ..C....... .......... .......... 
F .......... .......... .......... .......... ..C....... .......... .......... 
G .......... .......... .......... .......... .......... .......... .......... 
H .......... .......... .......... .......... ..C....... .......... .......... 
I .......... .......... .......... .......... .......... .......... .......... 
J .......... .......... .......... .......... .......... .......... .......... 
K .......... .......... .......... .......... .......... .......... .......... 
L .......... .......... .......... .......... .......... .......... .......... 
N .......... .......... .......... .......... .......... .......... .......... 
O .......... .......... .......... .......... .......... .......... .......... 
P .......... .......... .......... .......... ..C....... .......... .......... 
Q ........A. .......... .......... .......... .......... .......... .......... 
R .......... .......... .......... .......... .......... .......... .......... 
S .......... .......... .......... .......... .......... .......... .......... 
T .......... .......... .......... .......... .......... .......... .......... 
U .......... .......... .......... .......... .......... .......... .......... 
V .......... .......... .......... .......... .......... .......... ..........
W  .......... .......... .......... .......... .......... .......... ..........
X .......... .......... .......... .......... .......... .......... ..........





                        tRNA-Glu (continued)                          tRNA-Thr
                                                                                   ][                                        
                       N    D  H*   N*
       +++   ?    ?  ?   ?
Haplotype    80         90        100        110        120        130        140
A ATAACTTTTC ACGTTATAGG TTTAGGTTAA AACCCTAACG GGAATCATGC CTTAAAGGCT ACAAAAAGCA 
B .......... .......... .......... .......... .......... .......... .......... 
C .......... ........A. .......... .......... .......... ......A... .......... 
D .......... .......... .......... .......... .......... .......... .......... 
E .......... .......... .......... ......G..A .......... ......A... .......... 
F .......... .......... .......... ......G..A .......... ......A... .......... 
G .......... ........A. .......... .......... .......... ......A... .......... 
H .......... .......... .......... ......G..A .......... ......A... .......... 
I .......... .......... .......... .........A .......... ..G...A... .......... 
J .......... .......... .......... .......... .......... ......A... .......... 
K .......... .T........ .......... .......... .......... .......... .......... 
L .......... .T........ .......... .......... .......... .......... .......... 
N .......... .......... .......... ........GA .......... ..G...A... .......... 
O .......... .......... .........G .C.......A .......... ......A... .......... 
P .......... .......... .......... ......G..A .......... ......A... .......... 
Q .......... .......... .......... .........A .......... ..G...A... .......... 
R .......... .......... .......... .........A .......... ..G...A... .......... 
S .......... .......... .......... .........A .......... ..G...A... .......... 
T .......... .......... .......... .........A .......... ..G...A... .......... 
U .......... .......... .......... .........A .......... ..G...A... .......... 
V .......... .T........ .......... .......... .......... .......... .......... 
W .......... ........A. .......... .......... .......... ......A... .......... 
X .......... .......... .......... .......... .......... .......... .......... 





                        tRNA-Thr (continued)                 Putative Control Region
                                                                                ][                                           
                                                                       INT-12sA
                  ++ +                                                                              
Haplotype        150        160        170        180        190        200        210
A GACAATCTTG TAAATTGTAA GATAAAGGTT TAAATCCTTT TTAAGGTT-A TACTCATAAT TACTACCTCC 
B .......... .......... .......... .......... .......... .......... .......... 
C .......... .......... .......... ....C..... .......... .......... .......... 
D .......... .......... .......... A......... .......... .......... .......... 
E .......... .......... .......... .......... .........- .......... .......... 
F .......... .......... .......... .......... .........- .......... .........T 
G .......... .......... .......... ....C..... .......... .......... .......... 
H .......... .......... .......... .......... .........- .......... .....T...T 
I .......... .......... .......... .......... ..G.....T. .......... .......C.. 
J .......... .......... .....G.... .......... .......... .......... ....C..C.. 
K .......... .......... .......... .......... ......C... .......... .......... 
L .......... .......... .......... .......... .......... .......... .......... 
N .......... .......... .......... .......... ..G.....T. .......... .......C.. 
O .......... .......... A......... .......... .......... .......... .......C.. 
P .......... .......... .......... .......... .........- .......... .....T...T 
Q .......... .......... .......... .......... ..G.....T. .......... .......C.. 
R .......... .......... .......... .......... ..G.....T. .......... .......C.. 
S .......... .......... .......... .......... ..G.....T. .......... .......C.. 
T .......... .......... .......... .......... ..G.....T. .......... .......C.. 
U .......... .......... .......... .......... ..G.....T. .......... .......C.. 
V .......... .......... .......... .......... .......... .......... .......... 
W A......... .......... .......... ....C..... .......... .......... .......... 
X .......... .......... .......... .......... .......... .......... .......... 





                               Putative Control Region (continued)
                                                                                                                                         
   S   R*        N
   ?   ?     ?
Haplotype        220        230        240        250        260        270        280 
A TCCGGAGGGG GGAGGTAACT GTTATATAGT TAGTACACAA AGAGCTTTCT ACCTATGGAA TATTTAATGC 
B .......... T-........ .......... .......... .......... ..T....... .......... 
C .......... .-........ ........A. .......... .......... .....C.... .....C.... 
D .......... .......... .......... .......... .......... .......... .......... 
E C.TTCC.... .......... .......... .......... ...A...... .......... .....G.... 
F C..TCC.... .-........ .......... .......... ..GA...... .......... .......... 
G .......... .......... ........A. .......... .......... .......... .....C.... 
H C..TCC.... .-........ .......... .......... ..GA...... .......... .......... 
I .....G..A. .-G....... .......... .......... .......... .......... .....C.... 
J .....G..A. .-........ .......... .......... ...A...... .......... .......... 
K .......... .......... .......... .......... ..GA...... ..T....... .......... 
L .......... .......... .......... .......... ...A...... ..T....... .......... 
N .....G..A. .-G....... .......... .......... .......... .......... .....C.... 
O .....G..A. .-G....... .......... .......... ...A...... .....C.... .....C.... 
P C..TCC.... .......... .......... .......... ..GA...... .......... .......... 
Q .....G..A. .-G....... .......... .......... .......... .......... .....C.... 
R .....G..A. .-G....... .......... .......... .......... .......... .......... 
S .....G..A. .-G....... .......... .......... ...A...... .......... .......... 
T .....G..A. .-G....... .......... .......... .......... .......... .....C.... 
U .....G..A. .-G....... .......... .......... .......... .......... .....C.... 
V .......... .......... .......... .......... ..G....... ..T....... .......... 
W .......... .......... ........A. .......... .......... .......... .....C.... 
X .......... .......... .......... .......... .......... .......... .......... 





                               Putative Control Region (continued)
                                                                                                                                         
 A  D  S     H
 ?  ?  ?     ?
Haplotype        290        300        310        320        330        340        350
A TTTCTAGCCT TTAGTAATAC CTAGAGTTTT T-ATTTTTTA TTTCCTTTCT ATTTGATAGT T-TGATAAGC 
B .......... .......G.. ....GC.... .......... .......... ....A....C .......... 
C .......... .......G.. ..G.G..... .......... ...T...... ....A..... ...A.C.... 
D .......... .......G.. ..G....... .T........ .......... ....A..... .......... 
E .......... ...ACG.AC. T..--..... .T.C...... .......C.. ....A..... ..GA..C... 
F .......... ...A.T.AT. T..--..... .T.C...... ...T...C.. ....A..... .TGA..T... 
G .......... ...-...G.. ....G..... .......... ...T...... ....A..... ...A.C.... 
H .......... ...A.T.AT. TGG--..... .T.C...... ...T...C.. ....A..... ..GA..T... 
I .........G ...A.G.G.. ..G.-..... .......... ...T...... ....A....A ......T... 
J .......... ...A.G.G.. .......... ..C....... .......... .......... ......T... 
K .......... .......G.. ..G.G..... .......... .......... ....A....C .......... 
L .........C .......G.. ..G.GT.... .......... .......... ....A....C .......G.T 
N .........C ...A.G.A.. ..G.-..... .......... ...T...... ....A....A ......T... 
O .......... ...ACC.A.. ..T.-.C... .........G ...T...... ....A..... ..G...T... 
P .......... ...A.T.AT. T..--..... .T.C...... ...T...C.. ....A..... ..GA..T... 
Q .........C C..A.G.A.. ..G.-..... .......... ...T...... ....A....A ......T... 
R .........G ...A.G.G.. ..G.-..... .......... ...T...... ....A....A ......T... 
S .........G ...A.G.G.. ..C.-..... .......... ...T...... ....A....A ......T... 
T .........A ...A.G.A.. ..G.-..... .......... ...T...... ....A....A ......T... 
U .........G ...A.G.A.. ..T.-..... .......... ...T...... ....A....A ......T... 
V .......... .......G.. ..G.G..... .......... ......C... ....A....C .....C.... 
W .......... .......G.. ....G..... .......... ...T...... ....A..... ...A.C.... 
X .......... .......G.. ....GT.... .......... .......... ....A....C .......... 





                               Putative Control Region (continued)
                                                                                                                                         
   R H     P    P
   ? ?     ?    ?
Haplotype        360        370        380        390        400        410        420
A AGTCC-TGTA AAGAATTGCA AGGATCAGCA ACGGAGTTGT CTGTCTTCAG GATTAGTTTA TTTTTTAGTA 
B ...A...... .......A.. G....T.... .......... .......... .......... .......... 
C .......... ......A... .......... .......... .......... .......... .......... 
D .......... .......... G......... .......... .......... .......... .......... 
E .TCA...... ......C... .....T.... .......... ....T..... .......... .......... 
F .T-A...... ......CA.. .....T.... .......... ....T..... .......... .......... 
G .......... ......A... .....T.... .......... .......... .......... .......... 
H .T-A...... ......CA.. .....T.... .......... ....T..... ........C. .......... 
I .....C.... ......A... .......... .......... .......... .......A.. .......... 
J .....C.... .......... .......... .......... .......... .......C.. .......... 
K .A.A..-... ......CA.. .....T.... .......... ......G... .......... .......... 
L .A.A...... ......CA.. G....T.... .......... .......... .......... .......... 
N .....C.... ......A... .......... .......... .......... .......A.. .......... 
O .....C.... ......A... -....T.... .......... ....T..... .......... ........C. 
P .T-A...... .......A.. .....T.... .......... ....T..... .......... .......... 
Q .....C.... ......A... .....T.... .......... .......... .......A.. .......... 
R .....C.... ......A... .......... .......... .......... .......A.. .......... 
S .....C.... ......AA.. .....T.... .......... .......... .......A.. .......... 
T .....C.... ......A... .....T.... .......... .......... .......A.. .......... 
U .....C.... ......A... .......... .......... .......... .......A.. .......... 
V ...A...... ......CA.. G....T.... .......... ......G... .......... ........G. 
W .......... ......A... .......... .......... .......... .......... .......... 
X ...A...... ......CA.. G....T.... .......... .......... .......... .......... 





                               Putative Control Region (continued)
                                                                                                                                         
N*    D
?    ?
Haplotype        430        440        450        460        470        480        490
A TCATGCCAAC TTTAAGTCTT GGCAAATTTT TGTATTTTAT TTTGTTATTA TACGCTAAAA TAAGATTTCT 
B .......... .......... A......... .C........ .......... .......... .......... 
C .......... .......... .A........ .......... .......... .......... .......... 
D .......... .......... A......... ..A....... .......... .......... .......... 
E .......... .......... .......... .......... .......C.. .......... .......... 
F .......... .......... .......... .......... .......... .......... .......... 
G .......... .......... .A........ .......... .......... .......... .......... 
H .......... .......... .......... .......... .......C.. .......... .......... 
I .......... .......... .......... .......... .......... .......... .......... 
J .......... .......... A......... .AG....... .......... .......... .......... 
K .......... .......... A......... .C........ .......... .......... .......... 
L .......... .......... A......... .C........ .......... .......... .......... 
N .......... .......... .......... .......... .......... .......... .......... 
O .......... .......... .A........ AC...C.... .......... .......... .G........ 
P .......... .......... .......... .......... .......... .......... .......... 
Q .......... .......... .......... .......... .......... .......... .......... 
R .......... .......... .......... .......... .......... .......... .......... 
S .......... .......... .......... .......... .......... .......... .......... 
T .......... .......... .......... .......... .......... .......... .......... 
U .......... .......... .......... .......... .......... .......... .......... 
V .......... .......... A......... .C........ .......... .......... .......... 
W .......... .......... .A........ .......... .......... .......... .......... 
X .......... .......... A......... .C........ .......... .......... .......... 





            Putative Control Region (continued)   16s (large subunit) rDNA
                                                                         ][                                        
Haplotype        500        510        520        530        540       549
A TGAAATTTTT TGTTAAAAAT TTTCATTTTT TTTACAGTAG TTTTTTGAGG CACTTTTTT
B .......... .......... .......... .......... .......... .........
C .......... ....G..... .......... .......... ......A... .........
D .......... .......... .......... .......... ......A... .........
E .A........ ....G..... .......... .......... .......... .........
F .A........ ....G..... .......... .......... ......A... .........
G .......... ....G..... .......... .......... ......A... .........
H .A........ .......... .......... .......... ......A... .........
I .......... ...CG..... .......... .......... ......A... .........
J .......... ....G..... .......... .......... ......A... .........
K .......... .......... .......... .......... .......... .........
L .......... .......... .......... .......... .......... .........
N .......... ...CG..... .......... .......... ......A... .........
O .......... ....G..... .......... .......... ......A... .........
P .A........ ....G..... .......... .......... ......A... .........
Q .......... ...CG..... .......... .......... ......A... .........
R .......... ...CG..... .......... .......... ......A... .........
S .......... ...C...... .......... .......... ......A... .........
T .......... ...CG..... .......... .......... .......... .........
U .......... ...CG..... .......... .......... ......A... .........
V .......... ....G..... .......... .......... .......... .........
W .......... ....G..... .......... .......... ......A... .........
X .......... .......... .......... .......... .......... .........




APPENDIX B.  NUCLEOTIDE SEQUENCE AND PREDICTED AMINO ACID SEQUENCE (USING
SINGLE-LETTER IUPAC NOMENCLATURE) FOR A 1644-BP REGION OF THE MITOCHONDRIAL
GENOME WHICH SPANS A PORTION OF THE 3' END OF THE CYTOCHROME OXIDASE I GENE
(COX-I), THE COMPLETE TRANSFER RNA FOR ARGININE (TRNA-ARG), AND A PORTION
OF THE 5' END OF THE NICOTINAMIDE ADENINE DINUCLEOTIDE DEHYDROGENASE
SUBUNIT 4L (ND4-L) GENE FOR 23 PCR-RFLP HAPLOTYPES (LABELED A-X, LESS M) IN
A SEA STAR (LEPTASTERIAS SPP.) COMPLEX AND AN OUTGROUP (LEPTASTERIAS
POLARIS, LABELED POL)
The reading frame for protein coding regions is indicated by white space between
adjacent codons while the rDNA coding region (tRNA-Arg) is displayed in contiguous
blocks of 10 nucleotides.  When a particular codon is polymorphic among haplotypes, the
amino acid in the majority is indicated first, followed (after a slash) by the amino
acid(s) in the minority.  Periods (.) indicate nucleotide identity to the reference
sequence (Haplotype A), dashes (-) indicate proposed indels, an asterisk (*) indicates
the stop codon at the 3' end of the COX-I, and the plus (+) symbols indicate the three





                                       COX-I (bases 1-60)
                                                                                                                                            
         G   N   W   L   I   P   L   M   I   G  A/T  P   D   M   A   F   P   R   M   N
A       GGT AAT TGA CTT ATT CCT CTT ATG ATT GGA GCC CCC GAT ATG GCA TTC CCC CGA ATG AAT 
B       ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ..C ..G ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ..C ... ... ... ..C ... ... ... ... ..T ... ... ... ... ... ... ... ... ... 
F       ... ..C ... ... ... ..C ... ... ... ... ..T ..T ... ... ... ... ... ... ... ... 
G       ... ..C ..G ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
H       ..C ..C ... ... ... ..C ... ... ... ... ..T ... ... ... ... ... ... ... ... ... 
I       ... ..C ... ... ... ..C ... ... ... ... ... ... ... ... ... ..T ... ..C ... ... 
J       ... ..C ... ... ..C ..C ... ... ... ... ..T ... ... ... ... ..T ... ..C ... ... 
K       ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
L       ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
N       ... ..C ... ... ... ..C ... ... ... ... ... ... ... ... ... ..T ... ..C ... ... 
O       ... ..C ... ... ... ..C ... ... ... ..G A.. ... ... ... ... ..T ... ..C ... ... 
P       ... ..C ... ... ... ..C ... ... ... ... ..T ..T ... ... ... ... ... ... ... ... 
Q       ... ..C ... ... ... ..C ... ... ... ... ... ... ... ... ... ..T ... ..C ... ... 
R       ... ..C ... ... ... ..C ... ... ... ... ... ... ... ... ... ..T ... ..C ... ... 
S       ... ..C ... ... ... ..C ... ... ... ... ... ... ... ... ... ..T ... ..C ... ... 
T       ... ..C ... ... ... ..C ... ... ... ... ... ... ... ... ... ..T ... ..C ... ... 
U       ... ..C ... ... ... ... T.A ... ... ... ... ... ... ... ... ..T ... ..C ... ... 
V       ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
W       ... ..C ..G ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
X       ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 





                                      COX-I (bases 61-120)
                                                                                                                                            
         N   M   S   F   W   L   I   P   P   S   F   L   L   L   L   A   S   A   G   V
A       AAA ATG AGC TTT TGA CTT ATC CCC CCA TCA TTC TTA CTT CTC TTA GCT TCT GCT GGA GTA 
B       ... ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... 
C       ... ... ... ... ... ..C ..T ... ... ... ..T ... ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ..T ..T ... ... ... ... ..A ... ... ... ... ... ... ... 
E       ... ... ... ... ... ... ..T ... ..C ... ..T ... ..C ... C.. ... ... ... ... ... 
F       ... ... ... ... ... ... ..T ... ..C ... ..T ... ..C ... C.. ... ... ... ... ... 
G       ... ... ... ... ... ..C ..T ... ... ... ..T ... ... ... ... ... ... ... ... ... 
H       ... ... ... ... ... ... ..T ... ..C ... ..T ... ..C ..T ... ... ... ... ... ... 
I       ... ... ... ... ... ... ..T ... ..C ... ..T ... ... ... ... ... ... ... ... ... 
J       ... ... ... ... ... ... ..T ... ..C ... ... ... ..C ... C.. ... ... ... ... ... 
K       ... ... ... ... ... ... ... ... ... ... ..T ... ..C ... ... ... ... ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... 
N       ... ... ... ... ... ... ..T ... ..C ... ..T ... ... ... ... ... ... ... ... ... 
O       ... ... ... ... ... ..C ... ... ..C ... ..T ... ..C ... ... ... ... ... ..T ... 
P       ... ... ... ... ... ... ..T ... ..C ... ..T ... ..C ... C.. ... ... ... ... ... 
Q       ... ... ... ... ... ... ..T ... ..C ... ..T ... ... ... ... ... ... ... ... ... 
R       ... ... ... ... ... ... ..T ... ..C ... ..T ... ... ... ... ... ... ... ... ... 
S       ... ... ... ... ... ... ..T ... ..C ... ..T ... ... ... ... ... ... ... ... ... 
T       ... ... ... ... ... ... ..T ... ..C ... ..T ... ... ... ... ... ... ... ... ... 
U       ... ... ... ... ... ... ..T ... ..C ... ..T ... ... ... ... ... ... ... ... ... 
V       ... ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... 
W       ... ... ... ... ... ..C ..T ... ... ... ..T ... ... ... ... ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... 





                                     COX-I (bases 121-180)
                                                                                                                                            
         E   S   G   A   G   T   G   W   T   I   Y   P   P   L   S   S   G   L   A   H 
A       GAA AGA GGA GCT GGT ACT GGA TGA ACA ATT TAT CCC CCT TTA TCT AGA GGA TTA GCC CAC 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
F       ... ... ... ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
G       ... ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
H       ... ... ... ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
I       ... ... ... ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ..T 
J       ... ... ..G ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
N       ... ... ..G ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ..T 
O       ... ... ..G ..A ..C ... ... ... ... ... ... ..T ... ... ... ... ..C C.. ... ..T 
P       ... ... ... ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
Q       ... ... ..G ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ..T 
R       ... ... ... ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ..T 
S       ... ... ..G ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ..T 
T       ... ... ..G ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ..T 
U       ... ... ..G ... ..C ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ..T 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
W       ... ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 





                                     COX-I (bases 181-240)
                                                                                                                                            
         A   G   G   S   V   D   L   A   I   F   S   L   H   L   A   G   A   S   S   I
A       GCT GGA GGA TCG GTA GAT CTT GCT ATC TTT TCT CTT CAT TTA GCA GGA GCT TCT TCT ATT 
B       ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ..T ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... 
F       ... ... ... ..T ... ... ... ... ..A ... ... ... ... ... ... ..G ... ... ... ... 
G       ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
H       ... ... ... ..T ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... 
I       ... ..G ... ..C ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... 
J       ... ... ... ..T ... ... ... ..C ..A ... ... ... ... ... ... ... ..C ... ... ... 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
N       ... ..G ... ..C ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... 
O       ... ... ... ..T ... ... ... ... ... ... ... ..A ... ... ... ... ... ... ... ... 
P       ... ... ... ..T ... ... ... ... ..A ... ... ... ... ... ... ..G ... ... ... ... 
Q       ... ..G ... ..C ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... 
R       ... ..G ... ..C ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... 
S       ... ..G ... ..C ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... 
T       ... ..G ... ..C ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... 
U       ... ..G ... ..C ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
W       ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 





                                     COX-I (bases 241-300)
                                                                                                                                            
         L   A   S   I   N   F   I   T   T   I   I   N   M   R   T   P   G   M   S   F
A       TTA GCT TCT ATT AAA TTT ATT ACT ACA ATT ATA AAT ATG CGA ACT CCT GGC ATG TCT TTT 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... 
C       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..A ... ... ... ... ... 
D       ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ... ... ..C ..C ... ..C ... ... ... ... ..A ... ..T ... ... ... 
F       ... ... ... ... ... ... ... ..C ... ..C ... ... ... ... ..A ... ..T ... ... ... 
G       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..A ... ... ... ... ... 
H       ... ... ... ... ... ... ... ..C ... ..C ... ... ... ... ..A ... ..T ... ... ... 
I       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ..G ... ... ... ... ... 
J       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..A ... ..T ... ... ... 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
N       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ..G ... ... ... ... ... 
O       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G ... ... ... ... ... 
P       ... ... ... ... ... ... ... ..C ... ..C ... ... ... ... ..A ... ..T ... ... ... 
Q       ..G ... ... ... ... ... ... ... ... ... ... ..C ... ... ..G ... ... ... ... ... 
R       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ..G ... ... ... ... ... 
S       ..G ... ... ... ... ... ... ... ... ... ... ..C ... ... ..G ... ... ... ... ... 
T       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ..C ... ... ... ... ... 
U       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ..G ... ... ... ... ... 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
W       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..A ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... 





                                     COX-I (bases 301-360)
                                                                                                                                            
         D   R   L   P   L   F   V   W   S   V   F   V   T   A   F   L   L   L   L   S
A       GAC CGA CTT CCC CTA TTT GTC TGA TCA GTT TTT GTT ACT GCC TTT TTA CTA CTT CTT TCT 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... 
D       ... ..C ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... T.. ... ... ... 
F       ... ... ... ... ... ... ..A ... ..G ... ... ... ... ..T ... ... T.. ... ... ... 
G       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
H       ... ... ... ... ... ... ..A ... ..G ... ... ... ... ..T ... ... T.. ... ... ... 
I       ... ... ... ..T ... ... ... ... ... ... ..C ... ... ... ... ... T.. ... ... ... 
J       ... ... ... ..T ... ... ..T ... ... ... ... ... ... ... ... ... T.. ... ... ... 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
N       ... ... ... ..T ... ... ... ... ... ... ..C ... ... ... ... ... T.. ... ... ... 
O       ... ... ..C ..T ... ... ..A ... ... ... ... ... ... ... ... ... T.. ... ... ... 
P       ... ... ... ... ... ... ..A ... ..G ... ... ... ... ..T ... ... T.. ... ... ... 
Q       ... ... ... ..T ... ... ... ... ... ... ..C ... ... ... ... ... T.. ... ... ... 
R       ... ... ... ..T ... ... ... ... ... ... ..C ... ... ... ... ... T.. ... ... ... 
S       ... ... ... ..T ... ... ... ... ... ... ..C ... ... ... ... ... T.. ... ... ... 
T       ... ... ... ..T ... ... ... ... ... ... ..C ... ... ... ... ... T.. ... ... ... 
U       ... ... ... ..T ... ... ... ... ... ... ..C ... ... ... ... ... T.. ... ... ... 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
W       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 





                                     COX-I (bases 361-420)
                                                                                                                                            
         L   P   V   L   A   G   A   I   T   M   L   L   T   D   R   N   V   N   T   T
A       CTT CCT GTA TTA GCC GGA GCA ATT ACA ATG TTA TTA ACA GAC CGA AAA GTA AAA ACC ACT 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G ... ... ... 
C       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ..C ... ... ... ... ... ... ... ..G ... ... ... ... ... ... ... ..C ... ..T ... 
F       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G ... ..T ... 
G       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
H       ..C ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ..C ... ..T ... 
I       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
J       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G ... ..T ... 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
N       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..C 
O       ..C ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ..G ... ... ... 
P       ..C ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T ... 
Q       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
R       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
S       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
T       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
U       ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G ... ... ... 
W       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 





                                     COX-I (bases 421-480)
                                                                                                                                            
         F   F   D   P   A   G   G   G   D   P   I   L   F   Q   H   L   F   W   F   F
A       TTC TTT GAT CCT GCT GGA GGA GGA GAC CCA ATT CTC TTT CAG CAC CTA TTT TGA TTT TTT 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ..A ... ... ... ..G ... ... 
C       ... ... ... ... ... ... ..G ... ... ..T ..C ... ... ..A ... ... ... ..G ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ..A ... ... ... ..G ... ... 
E       ... ... ... ... ... ... ... ... ..T ... ..C ... ... ..A ... ... ... ... ... ... 
F       ... ... ... ... ... ..G ... ..G ..T ... ... ... ... ..A ... ... ... ... ... ... 
G       ... ... ... ... ... ... ..G ... ... ..T ..C ... ... ..A ... ... ... ..G ... ... 
H       ... ... ... ... ... ... ... ..G ..T ..T ... ... ... ..A ... ... ... ... ... ... 
I       ... ... ..C ... ... ... ... ..G ... ... ... ... ... ..A ... ... ..C ..G ... ... 
J       ... ... ... ... ... ... ... ... ... ... ... ..A ... ..A ... ... ... ... ..C ... 
K       ..T ... ... ... ... ... ..G ... ... ... ... ... ... ..A ..T ... ... ..G ... ... 
L       ..T ... ... ... ... ... ... ... ... ... ... ... ... ..A ..T ... ... ..G ... ... 
N       ... ... ..C ... ... ... ... ..G ... ... ... ... ... ..A ... ... ..C ..G ... ... 
O       ... ... ... ... ... ... ... ... ... ... ... ... ... ..A ... ... ... ..G ... ... 
P       ... ... ... ... ... ..G ... ..G ..T ... ... ... ... ..A ... ... ... ... ... ... 
Q       ... ... ..C ... ... ... ..T ..G ... ... ... ... ... ..A ... ... ..C ..G ... ... 
R       ... ... ..C ... ... ... ... ..G ... ... ... ... ... ..A ... ... ..C ..G ... ... 
S       ... ... ..C ... ... ... ... ..G ... ... ... ... ... ..A ... ... ..C ... ... ... 
T       ... ... ..C ... ... ... ... ..G ... ... ... ... ... ..A ... ... ..C ..G ... ... 
U       ... ... ..C ... ... ... ... ..G ... ... ... ... ... ..A ... ... ..C ..G ... ... 
V       ..T ... ... ... ... ... ... ... ... ... ... ... ... ..A ..T ... ... ..G ... ... 
W       ... ... ... ... ... ... ..G ... ... ..T ..C ... ... ..A ... ... ... ..G ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ..A ... ... ... ..G ... ... 





                                     COX-I (bases 481-540)
                                                                                                                                            
         G   H   P   E   V   Y   I   L   I   L   P   G   F   G   M   I   S   H   V   I
A       GGA CAT CCC GAA GTA TAT ATC CTT ATA TTA CCT GGA TTC GGA ATG ATT TCT CAC GTT ATA 
B       ..G ... ... ... ... ... ... ..C ... ... ... ... ..T ... ... ... ... ... ... ... 
C       ... ... ... ... ... ... ... ..C ..C ... ... ... ... ... ... ... ... ... ... ... 
D       ..G ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ..C ... ... ..G ... ... ..T ... ... ... ... ..C ... ... ... ... ... ..T ... ... 
F       ..C ... ... ... ..G ... ..T ... ... ... ... ..C ... ... ... ... ... ..T ... ... 
G       ... ... ... ... ... ... ... ..C ..C ... ... ... ... ... ... ... ... ... ... ... 
H       ..C ... ... ..G ... ... ..T ... ... ... ... ..C ... ... ... ... ... ..T ... ... 
I       ..C ... ... ... ... ... ..T ... ..C ... ... ... ..T ... ... ... ... ... ... ... 
J       ..C ... ... ..G ... ... ..T ..C ..T C.. ... ... ... ... ... ... ... ... ... ... 
K       ..G ... ... ... ... ... ... ..C ... ... ... ... ..T ... ... ..C ... ... ... ... 
L       ..G ... ... ..G ..C ... ... ..C ... ... ... ... ..T ... ... ..C ... ... ... ... 
N       ..C ... ... ... ... ... ..T ... ..C ... ... ... ..T ... ... ... ... ... ... ... 
O       ..C ... ... ... ... ... ..T ... ..T ... ... ... ..T ... ... ... ... ... ... ... 
P       ..C ... ... ..G ... ... ..T ... ... ... ... ..C ... ... ... ... ... ..T ... ... 
Q       ..C ... ... ... ... ... ..T ... ..C ... ... ... ..T ... ... ... ... ... ... ... 
R       ..C ... ... ... ... ... ..T ... ..C ... ... ... ..T ... ... ... ... ... ... ... 
S       ..C ... ... ... ... ... ..T ... ..C ... ... ... ..T ... ... ... ... ... ... ... 
T       ..C ... ... ... ... ... ..T ... ..C ... ... ... ..T ... ... ... ... ... ... ... 
U       ..C ... ... ... ... ... ..T ... ..C ... ... ... ..T ... ... ... ... ... ... ... 
V       ..G ... ... ... ... ... ... ..C ... ... ... ... ..T ... ... ..C ... ... ... ... 
W       ... ... ... ... ... ... ... ..C ..C ... ... ... ... ... ... ... ... ... ... ... 
X       ..G ... ... ... ... ... ... ..C ... ... ... ... ..T ... ... ... ... ... ... ... 





                                     COX-I (bases 541-600)
                                                                                                                                            
        A/S  H   Y   A   G   K   N   E   P   F   G   Y   L   G   M   V   Y   A   I   I
A       GCT CAT TAC GCC GGT AAG AAT GAA CCT TTT GGA TAC CTT GGT ATG GTC TAT GCA ATT ATT 
B       ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... 
C       ... ... ... ..G ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
D       ... ... ..T ..T ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ..G ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..A 
F       ... ... ... ..G ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..A 
G       ... ... ... ..G ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
H       ... ... ... ..G ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..A 
I       ... ... ... ..A ... ... ... ... ... ... ... ... T.A ..A ... ... ..C ... ... ... 
J       ... ... ... ..A ... ... ... ... ... ... ... ... ..C ... ... ... ..C ... ... ..C 
K       ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ... 
N       ... ... ... ..A ... ... ... ... ... ... ... ... T.A ..G ... ... ..C ... ... ... 
O       ..C ... ... ..A ... ... ... ... ... ... ..G ..T ..C ... ... ... ..C ... ... ..C 
P       ... ... ... ..G ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..A 
Q       ... ... ... ..A ... ... ... ... ... ... ... ... T.A ..G ... ... ..C ... ... ... 
R       ... ... ... ..A ... ... ... ... ... ... ... ... T.A ..A ... ... ..C ... ... ... 
S       ... ... ... ..A ... ... ... ... ... ... ... ... T.A ..G ... ... ..C ... ... ... 
T       ... ... ... ..A ... ... ... ... ... ... ... ... T.A ..G ... ... ..C ... ... ... 
U       ... ... ... ..A ... ... ... ... ... ... ... ... T.A ..A ... ... ..C ... ... ... 
V       ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ... 
W       ... ... ... ..G ... ... ... ... ... ... ... ... ... ... ... ..A ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... 





                                     COX-I (bases 601-660)
                                                                                                                                            
         S   I   G   I   L   G   F   L   V   W   A   H   H   M   F   T   V   G   M   D
A       TCT ATT GGA ATC TTA GGA TTC CTC GTA TGA GCC CAT CAC ATG TTT ACT GTA GGA ATG GAT 
B       ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ... ... ..A ... ... ... ..A ... ... ..T ... ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... 
F       ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... 
G       ... ... ... ... ... ... ... ..A ... ... ..T ... ... ... ... ... ... ... ... ... 
H       ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... 
I       ... ... ..G ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
J       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
N       ... ... ..G ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
O       ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
P       ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... 
Q       ... ... ..G ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
R       ... ... ..G ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
S       ... ... ..G ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
T       ... ... ..G ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
U       ... ... ..G ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
W       ... ... ... ... ... ... ... ..A ... ... ..T ... ... ... ... ... ... ... ... ... 
X       ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 





                                     COX-I (bases 661-720)
                                                                                                                                            
         V   D   T   R   A   Y   F   T   A   A   T   M   I   I   A   V   P   T   G   I
A       GTA GAC ACC CGA GCC TAC TTC ACC GCC GCC ACA ATG ATA ATA GCT GTC CCT ACA GGA ATT 
B       ... ... ... ... ... ..T ..T ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
D       ... ... ... ..G ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
F       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
G       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
H       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
I       ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ..G ... 
J       ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ..T ... ... ... ... 
K       ... ... ... ... ... ..T ..T ... ... ... ... ... ... ... ... ..T ... ... ... ... 
L       ... ... ... ... ... ..T ..T ... ... ... ... ... ... ... ... ..T ... ... ... ... 
N       ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ..G ... 
O       ... ... ... ... ..T ... ..T ... ... ... ... ... ... ... ... ... ... ... ..G ... 
P       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
Q       ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ..G ... 
R       ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ..G ... 
S       ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ..G ... 
T       ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ..G ... 
U       ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ..G ... 
V       ... ... ... ... ... ..T ..T ... ... ... ... ... ... ... ... ..T ... ... ... ... 
W       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
X       ... ... ... ... ... ..T ..T ... ... ... ... ... ... ... ... ... ... ... ... ... 





                                     COX-I (bases 721-780)
                                                                                                                                            
         K   V   F   S   W   M   A   T   L   Q   G   S   N  L/I  R   W  D/E  T   P   L
A       AAG GTA TTT AGA TGA ATG GCC ACC TTG CAA GGT AGT AAA TTA CGA TGA GAG ACA CCA CTT 
B       ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ..A ... ... ... 
C       ... ... ... ... ... ... ..T ... ... ... ..C ... ... ... ... ... ..T ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ..A ... ... ... 
E       ... ... ... ... ... ... ..A ... ... ... ..C ... ... C.. ... ... ..T ... ... ... 
F       ... ... ... ... ... ... ..T ... ... ... ..C ... ... C.. ... ... ..T ... ... ... 
G       ... ... ... ... ... ... ..T ... ... ... ..C ... ... ... ... ... ..T ... ... ... 
H       ... ... ... ... ... ... ..T ... ... ... ..C ... ... C.. ... ... ..T ... ... ... 
I       ... ... ... ... ... ... ..T ... ..A ... ... ... ... ... ... ... ..C ... ... ... 
J       ... ... ... ... ... ... ... ... ..A ..G ..C ... ... C.. ... ..G ..C ... ... ... 
K       ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ..C 
L       ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ..C 
N       ... ... ... ... ... ... ..T ... ..A ... ... ... ... ... ... ... ..T ... ... ... 
O       ... ... ... ... ... ... ... ... ..A ... ... ... ... ... ... ..G ..T ..C ... ... 
P       ... ... ... ... ... ... ..T ... ... ... ..C ... ... C.. ... ... ..T ... ... ... 
Q       ... ... ... ... ... ... ..T ... ..A ... ... ... ... ... ... ... ..T ... ... ... 
R       ... ... ... ... ... ... ..T ... ..A ... ... ... ... ... ... ... ..C ... ... ... 
S       ... ... ... ... ... ... ..T ... ..A ... ... ... ... ... ... ... ..T ... ... ... 
T       ... ... ... ... ... ... ..T ... ..A ... ... ... ... ... ... ... ..T ... ... ... 
U       ... ... ... ... ... ... ..T ... ..A ... ... ... ... ... ... ... ..T ... ... ... 
V       ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ..C 
W       ... ... ... ... ... ... ..T ... ... ... ..C ... ... ... ... ... ..T ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ..T ... ... ... 





                                     COX-I (bases 781-840)
                                                                                                                                            
         L   W   A   L   G   F   V   F   L   F   T   I   G   G   L   T   G   V   V   L
A       CTC TGA GCA TTA GGT TTC GTG TTT TTA TTT ACA ATT GGA GGA TTA ACA GGA GTA GTT TTA 
B       ... ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... C.. 
C       ... ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... C.. 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ..G ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... 
F       ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ..G C.. 
G       ... ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... C.. 
H       ... ... ... ... ..A ... ... ... ... ... ... ... ..G ... ... ... ..T ... ... C.. 
I       ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ..T ... ..C C.. 
J       T.A ... ... ... ..C ... ..C ... ... ... ... ... ... ... ... ... ... ... ... C.. 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... C.. 
L       ... ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ..T ... ... C.. 
N       ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ..C C.. 
O       ... ... ... ... ... ..T ..C ... ... ... ... ... ... ... ... ... ... ... ... C.. 
P       ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... ... C.. 
Q       ..T ... ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ..C C.. 
R       ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ..T ... ..C C.. 
S       ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ..C C.. 
T       ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ..C C.. 
U       ... ... ... ... ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ..C C.. 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... C.. 
W       ... ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... C.. 
X       ... ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... C.. 





                                     COX-I (bases 841-900)
                                                                                                                                            
         A   N   S   S   I   D   I   I   L   H   D   T   Y   Y   V   V   A   H   F   H
A       GCT AAT TCT TCT ATT GAT ATA ATA TTA CAT GAT ACC TAC TAT GTT GTA GCC CAC TTT CAT 
B       ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ... ... ... ... C.. ... ... ... ... ... ... ... ... ... ... ... 
F       ... ... ... ... ... ... ... ... C.. ... ... ..T ... ... ... ... ... ... ... ... 
G       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
H       ... ... ... ... ... ... ... ... C.. ... ... ..T ... ... ... ... ... ... ... ... 
I       ... ... ... ... ... ... ... ... C.G ... ... ... ... ... ... ... ..T ... ... ... 
J       ..C ..C ... ... ... ... ... ... C.. ... ... ... ... ... ... ... ..T ..T ... ... 
K       ... ... ... ..C ... ..C ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
L       ... ... ... ..C ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
N       ... ... ... ... ... ... ... ... C.G ... ... ... ... ... ... ... ... ... ... ... 
O       ... ... ... ... ... ... ... ... C.G ... ... ... ... ... ... ... ... ... ... ... 
P       ... ... ... ... ... ... ... ... C.. ... ... ..T ... ... ... ... ... ... ... ... 
Q       ... ... ... ... ... ... ... ... C.G ... ... ... ... ... ... ... ... ... ... ... 
R       ... ... ... ... ... ... ... ... C.G ... ... ... ... ... ... ... ..T ... ... ... 
S       ... ... ... ... ... ... ... ... C.G ... ... ... ... ... ... ... ... ... ... ... 
T       ... ... ... ... ... ... ... ... C.G ... ... ... ... ... ... ... ... ... ... ... 
U       ... ... ... ... ... ... ... ... C.G ... ... ... ... ... ... ... ..T ... ... ... 
V       ... ... ... ..C ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
W       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
X       ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 





                                     COX-I (bases 901-960)
                                                                                                                                            
         Y   V   L   S   M   G   A   V   F   A   I   F   A   G   F   T   H   W   F   P
A       TAC GTA TTA TCC ATG GGA GCA GTA TTT GCT ATC TTT GCA GGA TTT ACC CAC TGA TTT CCT 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ... ... ... ... ..T ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ... ..G ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
F       ... ... ... ... ... ..G ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
G       ... ... ... ... ... ..T ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
H       ... ... ... ... ... ..G ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
I       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
J       ... ... ... ... ... ... ... ... ... ..C ... ..C ..T ... ... ... ... ... ... ... 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..C 
L       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..C 
N       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
O       ... ... ... ... ... ..G ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
P       ... ... ... ... ... ..G ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
Q       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
R       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
S       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
T       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
U       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..C 
W       ... ... ... ... ... ..T ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... 





                                     COX-I (bases 961-1020)
                                                                                                                                            
         L   F   S   G   V   S   L   H   P   L   W  G/S  K   V   H   F  AVT V/I  M   F
A       TTA TTT TCA GGA GTA AGC TTG CAC CCT CTA TGA GGA AAG GTC CAC TTT GCA GTA ATG TTC 
B       ... ..C ... ... ..G ... ... ... ... ... ... A.. ... ..T ... ... ... ... ... ..T 
C       ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       C.. ... ... ... ..C ... ... ... ... ... ... ... ... ..A ... ... ... ... ... ..T 
F       ... ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... A.. ... ... ..T 
G       ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T 
H       ... ... ... ... ..C ... ... ... ... ... ... ..G ... ... ... ... ... ... ... ..T 
I       ... ..C ... ... ..C ... ... ... ... ... ... ... ... ..T ... ... .T. ..G ... ..T 
J       ... ..C ... ... ..T ... ..A ... ... ..G ..G A.. ... ... ..T ... ... ... ... ..T 
K       ... ..C ... ... ... ... ... ... ... ... ... A.. ... ... ... ... ... ... ... ..T 
L       ... ..C ... ... ... ... ... ... ... ... ... A.. ... ..T ... ... ... ... ... ..T 
N       ... ..C ... ... ..C ... ... ... ... ... ... ... ... ..T ... ... .T. ..G ... ..T 
O       ... ..C ... ... ..C ... ... ... ... ... ... ... ... ..T ... ... .T. ... ... ..T 
P       ... ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T 
Q       ... ..C ... ... ..C ... ... ... ... ... ... ... ... ..T ... ... .T. ..G ... ..T 
R       ... ..C ... ... ..C ... ... ... ... ... ... ... ... ..T ... ... .T. ..G ... ..T 
S       ... ..C ... ... ..C ... ... ... ... ... ... ... ... ..T ... ... .T. ..G ... ..T 
T       ... ..C ... ... ..C ... ... ... ... ... ... ... ... ..T ... ... .T. ..G ... ..T 
U       ... ..C ... ... ..C ... ... ... ... ... ... ... ... ..T ... ... .T. ..G ... ..T 
V       ... ..C ... ... ... ... ... ... ... ... ... A.. ... ..T ... ... ... ... ... ..T 
W       ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T 
X       ... ..C ... ... ..G ... ... ... ... ... ... A.. ... ..T ... ... ... ... ... ..T 





                                    COX-I (bases 1021-1080)
                                                                                                                                            
        V/I  G   V   N   L   T   F   F   P   Q   H   F   L   G   L   A   G   M   P   R
A       GTA GGT GTA AAA TTA ACC TTT TTT CCT CAA CAC TTT CTC GGA TTA GCT GGA ATG CCT CGT 
B       ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... 
C       ... ... ... ... ... ... ... ... ..C ... ... ... ..A ... ... ... ... ... ... ... 
D       ..G ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ... ... ... ..C ..C ... ... ... ..A ... ... ... ... ... ... ... 
F       ... ... ... ... ... ... ... ... ..C ... ... ... ..A ... ... ... ... ... ... ... 
G       ... ... ... ... ... ... ... ... ..C ... ... ... ..A ... ... ... ... ... ... ... 
H       ... ... ... ... ... ... ... ... ..C ... ... ... ..A ... ... ... ... ... ... ... 
I       ... ... ... ... ... ... ... ... ..C ..G ... ... ..A ... ... ... ..C ... ... ... 
J       ... ... ... ... ... ... ... ... ..C ... ... ... ..A ... ... ... ..C ... ... ... 
K       ... ... ... ... ... ... ... ... ..C ... ... ... ..A ... ... ... ... ... ... ... 
L       ... ... ... ... ... ... ..C ... ..C ... ... ... ..A ... ... ... ... ... ... ... 
N       ... ... ... ... ... ... ... ... ..C ..G ... ... ..A ... ... ... ..C ... ... ... 
O       ... ... ... ... ... ... ... ... ..C ..G ... ... ..A ... ... ... ... ... ... ... 
P       ... ... ... ... ... ... ... ... ..C ... ... ... ..A ... ... ... ... ... ... ... 
Q       ... ... ... ... ... ... ... ... ..C ..G ... ... ..A ... ... ... ..C ... ... ... 
R       ... ... ... ... ... ... ... ... ..C ..G ... ... ..A ... ... ... ..C ... ... ... 
S       ... ... ... ... ... ... ... ... ..C ..G ... ... ..A ... ... ... ..C ... ... ... 
T       ... ... ... ... ... ... ... ... ..C ..G ... ... ..A ... ... ... ..C ... ... ... 
U       ... ... ... ... ... ... ... ... ..C ..G ... ... ..A ... ... ... ..C ... ... ... 
V       ... ... ... ... ... ... ... ... ..C ... ... ... ..A ... ... ... ... ... ... ... 
W       ... ... ... ... ... ... ... ... ..C ... ... ... ..A ... ... ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... 





                                    COX-I (bases 1081-1140)
                                                                                                                                            
         R   Y   S   D   Y   P   D   A   Y   T   L   W   N   T  V/I  S   S   I   G   S
A       CGT TAT TCA GAC TAC CCT GAT GCC TAT ACC CTG TGA AAT ACT ATA TCT TCC ATA GGT TCC 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ..C ... ... ..T ... ... ... ..T ... ... T.. ... ... ... G.. ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..A ... ... ... 
E       ... ... ... ... ... ... ... ... ... ... ... ... ..C ... G.. ... ... ... ..A ... 
F       ... ... ... ... ..T ... ... ... ... ... ... ... ... ... G.. ... ... ... ..A ... 
G       ..C ... ... ... ... ... ... ..T ... ... T.. ... ... ... G.. ... ... ... ... ... 
H       ... ... ... ... ... ... ... ... ... ... ... ... ... ... G.. ... ... ... ..A ... 
I       ... ... ... ... ..T ... ... ... ... ... ... ... ..C ..C G.. ... ... ... ..A ... 
J       ... ... ... ..T ..T ... ... ... ... ... ... ... ..C ... G.. ... ... ... ..A ... 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
N       ... ... ... ... ..T ... ... ... ... ... ... ... ..C ..C G.. ... ... ... ..A ... 
O       ... ... ... ... ... ... ... ..T ... ... ..A ... ..C ... G.. ... ... ... ..A ... 
P       ... ... ... ... ..T ... ... ... ... ... ... ... ... ... G.. ... ... ... ..A ... 
Q       ... ... ... ... ..T ... ... ... ... ... ... ... ..C ..C G.. ... ... ... ..A ... 
R       ... ... ... ... ..T ... ... ... ... ... ... ... ..C ..C G.. ... ... ... ..A ... 
S       ... ... ... ... ..T ... ... ... ... ... ... ... ..C ..C G.. ... ... ... ..A ... 
T       ... ... ... ... ..T ... ... ... ... ... ... ... ..C ..C G.. ... ... ... ..A ... 
U       ... ... ... ... ..T ... ... ... ... ... ... ... ..C ..C G.. ... ... ... ..A ... 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ..G ... ... ... ... ... ... 
W       ..C ... ... ... ... ... ... ..T ... ... T.. ... ... ... G.. ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 





                                    COX-I (bases 1141-1200)
                                                                                                                                            
         T   I   S   L   I   A   T  L/I  I   F   L   F   L   I   W   E   A   F   S  T/S
A       ACT ATT TCT TTA ATA GCT ACT TTA ATT TTT CTA TTC CTT ATA TGA GAA GCT TTT TCT ACT 
B       ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
C       ... ... ... ... ... ... ... ... ... ... T.. ..T ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... T.. ... ... ... ... ... ... ... ... ..C 
E       ... ... ... ... ... ... ... C.. ..C ... ... ..T ... ... ... ... ... ... ... ... 
F       ... ... ... ... ... ..C ... C.. ... ... ... ..T ... ... ... ... ... ... ... ... 
G       ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
H       ... ... ... ... ... ..C ... C.. ... ... ... ..T ... ... ... ... ... ... ... ... 
I       ... ... ... ... ... ... ... A.. ... ... T.. ..T ... ... ... ... ... ... ... T.. 
J       ... ... ... ..G ... ..C ... C.. ... ... ..G ..T ... ..T ... ... ... ... ... ... 
K       ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
L       ... ... ... ... ... ..G ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
N       ... ... ... ... ... ... ... A.. ... ... T.. ..T ... ... ... ... ... ... ... T.. 
O       ... ... ... ... ... ... ... A.. ... ... ... ..T ... ... ... ... ... ... ... ... 
P       ... ... ... ... ... ..C ... C.. ... ... ... ..T ... ... ... ... ... ... ... ... 
Q       ... ... ... ... ... ... ... A.. ... ... T.. ..T ... ... ... ... ... ... ... T.. 
R       ... ... ... ... ... ... ... A.. ... ... T.. ..T ... ... ... ... ... ... ... T.. 
S       ... ... ... ... ... ... ... A.. ... ... T.. ..T ... ... ... ... ... ... ... T.. 
T       ... ... ... ... ... ... ... A.. ... ... T.. ..T ... ... ... ... ... ... ... T.. 
U       ... ... ... ... ... ... ... A.. ... ... T.. ..T ... ... ... ... ... ... ... T.. 
V       ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
W       ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 





                                    COX-I (bases 1201-1260)
                                                                                                                                            
         K  R/S  I   P  RHL PTS  P  E/G  F   S   S   S   S   L   E   W   Q   Y  TAS S/L
A       AAG CGA ATC CCC CGT CCT CCG GAA TTT TCT TCC TCT TCT CTA GAG TGA CAA TAC ACA TCA 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ..A ... ... ... ... ... 
D       ... ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ..A ... ... ..T T.. ... 
F       ... ... ... ... ... ..C ..A ... ... ... ... ... ... ... ... ... ... ..T T.. ... 
G       ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ..A ... ... ... ... ... 
H       ... ... ... ... ... ..C ..A ... ... ... ... ... ... ... ... ... ... ..T T.. ... 
I       ... ... ..T ... .A. A.C ..C ... ... ... ... ... ... ... ..A ... ... ..T G.. ... 
J       ... ... ... ... ... ..C ..A ... ... ... ... ... ... T.. ..A ... ... ..T G.G ... 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
L       ... A.. ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
N       ... ... ..T ... .A. A.C ..C ... ... ... ... ... ... ... ..A ... ... ..T ... ... 
O       ... ... ... ... .T. A.C ..A ... ... ... ... ... ... ... ..A ... ... ..T G.. ... 
P       ... ... ... ... ... ..C ..A ... ... ... ... ... ... ... ... ... ... ..T T.. ... 
Q       ... ... ..T ... .A. T.C ..C ... ... ... ... ... ... ... ..A ... ... ..T ... ... 
R       ... ... ..T ... .A. A.C ..C ... ... ... ... ... ... ... ..A ... ... ..T G.. ... 
S       ... ... ..T ... .A. T.C ..C ... ... ... ... ... ... ... ..A ... ... ..T ... ... 
T       ... ... ..T ... .A. A.C ..C ... ... ... ... ... ... ... ..A ... ... ..T G.. ... 
U       ... ... ..T ... .A. A.C ..C .G. ... ... ... ... ... ... ..A ... ... ..T G.. ... 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... .T. 
W       ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ..A ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... .T. 
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         F   P   P   S  H/Y  H   T   F   N   E   T   P   S   T  V/I  Y   L   I   K   *
A       TTT CCC CCT TCT CAC CAT ACC TTT AAC GAA ACC CCT TCT ACT GTT TAC CTA ATT AAG TAA 
B       ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ..T ... ... ... ... ... ... ... ..G ... ... ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
F       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
G       ... ..T ... ... ... ... ... ... ... ..G ... ... ... ... ... ... ... ... ... ... 
H       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
I       ... ... ... ... ... ... ... ... ..T ..G ... ... ... ... ... ... ... ... ... ... 
J       ... ... ... ... ... ... ..T ... ... ..G ... ... ..C ... ... ... ..C ... ... ... 
K       ... ..T ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
L       ... ..T ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
N       ... ... ... ... ... ... ... ... ..T ..G ... ... ... ... ... ... ... ... ... ... 
O       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
P       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
Q       ... ... ... ... ... ... ... ... ..T ..G ... ... ... ... ... ... ... ... ... ... 
R       ... ... ... ... ... ... ... ... ..T ..G ... ... ... ... ... ... ... ... ... ... 
S       ... ... ... ... ... ... ... ... ..T ..G ... ... ... ... ... ... ... ... ... ... 
T       ... ... ... ... ... ... ... ... ..T ..G ... ... ... ... ... ... ... ... ... ... 
U       ... ... ... ... ... ... ... ... ..T ..G ... ... ... ... ... ... ... ... ... ... 
V       ... ..T ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
W       ... ..T ... ... ... ... ... ... ... ..G ... ... ... ... ... ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
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                                          +++
A       ---AAAGCTA ATTTAAATAA AATACTTGAT TTCGACTTAA GATATTTTGG TAATTACCCC AAAGCTTTTA T 
B       ---....... .......... .......... .......... .......... .......... .......... .
C       ---....... .......... .......... .......... .......... ....A..... .......... .
D       ---....... .......... .......... .......... .......... .......... .......... .
E       --A....... .......... .......... .......... .......... ..GCA..... .......... .
F       --A....... .......... .......... .......... .......... ...CA..... .......... .
G       ---....... .......... .......... .......... .......... ....A..... .......... .
H       --A....... .......... .......... .......... .......... .G.CA..... .......... .
I       -AA....... .......... .......... .......... .......... ...CA..T.. .G........ .
J       -AA....... .......... .......... .......... .......... ...CA..T.. .......... .
K       ---....... .......... .......... .......... .......... .......... .......... .
L       ---....... .......... .......... .......... .......... .......... .......... .
N       -AA....... .......... .......... .......... .......... ...CA..T.. .G........ .
O       ---....... .......... .......... .......... A......... .T.CA..T.. .........G .
P       --A....... .......... .......... .......... .......... ...CA..... .......... .
Q       AAA....... .......... .......... .......... .......... ...CA..T.. .G........ .
R       -AA....... .......... .......... .......... .......... ...CA..T.. .G........ .
S       -AA....... .......... .......... .......... .......... ...CA..T.. .G........ .
T       AAA....... .......... .......... .......... .......... ...CA..T.. .G........ .
U       AAA....... .......... .......... .......... .......... ...CA..T.. .......... .
V       ---....... .......... .......... .......... .......... ......T... .......... .
W       ---....... .......... .......... .......... .......... ....A..... .......... .
X       ---....... .......... .......... .......... .......... .......... .......... .
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         I  S/F  S   Y   I  T/I VGI ITV  I   S   I   F   Y   L   G   I   L   G   I  I/L
A       ATT TCC TCC TAT ATT ATA GTT ATT ATA AGA ATT TTT TAT TTA GGT ATT TTA GGA ATT CTC 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ... ... ... ..A .C. ... .C. ... ... ... ... ... ... ..A ... ... ... ... A.. 
D       ... ... ... ... ... ... ... G.. ... ... ... ... ..C ... ... ... ... ... ... ... 
E       ... ... ... ... ..A .C. ... ... ... ... ... ... ... ... ..A ... ... ... ... A.. 
F       ... ... ... ... ..A .C. ... ... ... ... ... ... ... ... ..A ... ... ... ... A.. 
G       ... ... ... ... ..A .C. ... .C. ... ... ... ... ... ... ..A ... ... ... ... A.. 
H       ... ... ... ... ..A .C. ... ... ... ... ... ... ... ... ..A ... ... ... ... A.. 
I       ... ... ... ... ..A .C. ... ... ... ... ... ... ... ... ..A ... ... ... ... A.. 
J       ... ..T ... ... ..A .C. ... ... ... ... ... ... ..C ... ..A ... ... ... ... A.. 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... A.. 
L       ... ... ... ... ... ... .G. ... ... ... ... ... ... ... ... ... ... ... ... ... 
N       ... ... ... ... ..A .C. ... ... ... ... ... ... ... ... ..A ... ... ... ... A.. 
O       ... ... ... ... ..A .C. ... ... ... ... ... ... ... C.. ..A ... ... ... ..C ... 
P       ... ... ... ... ..A .C. ... ... ... ... ... ... ... ... ..A ... ... ... ... A.. 
Q       ... ... ... ... ..A .C. ... ... ... ... ... ... ... ... ..A ... ... ... ... A.. 
R       ... ... ... ... ..A .C. ... ... ... ... ... ... ... ... ..A ... ... ... ... A.. 
S       ... ... ... ... ..A .C. ... ... ... ... ... ... ... ... ..A ... ... ... ... A.. 
T       ... ... ... ... ..A .C. ... ... ... ... ... ... ... ... ..A ... ... ... ... A.. 
U       ... ... ... ... ..A .C. A.. .C. ... ... ... ... ... ... ..A ... ... ... ... A.. 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
W       ... ... ... ... ..A .C. ... .C. ... ... ... ... ... ... ..A ... ... ... ... A.. 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
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         L   N   R   L   H   L   L   S  V/I  L   L   C   L   E   L   L   L  I/V  S   L 
A       CTT AAA CGC CTT CAC CTC CTC TCT GTT CTT TTA TGT TTA GAA CTT TTA TTA ATA TCC CTA 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G G.. ... ... 
C       ... ... ... ... ... ..A ... ... A.. ... ... ... ... ... ... ... C.G ... ... ... 
D       ... ... ... ... ... ..G ... ... ... ... ... ... ... ... ... ... ..G ... ... ... 
E       ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... C.. ... ... ..C 
F       ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... C.. ... ..T ..C 
G       ... ... ... ... ... ..A ... ... A.. ... ... ... ... ... ... ... C.G ... ... ... 
H       ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... C.. ... ..T ..T 
I       ... ... ..A ... ... ..A ... ..C ... ... ... ... ... ... ... ... ... ... ... ..C 
J       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... C.. ... ... ..C 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G ... ... ... 
N       ... ... ..A ... ... ..A ... ..C ... ... ... ... ... ... ... ... ... ... ... ..C 
O       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..C 
P       ... ... ... ... ... ..A ... ... ... ... ... ... ... ... ... ... C.. ... ..T ..C 
Q       ... ... ..A ... ... ..A ... ..C ... ... ... ... ... ... ... ... ... ... ... ..C 
R       ... ... ..A ... ... ..A ... ..C ... ... ... ... ... ... ... ... ... ... ... ..C 
S       ... ... ..A ... ... ..A ... ..C ... ... ... ... ... ... ... ... ... ... ... ..C 
T       ... ... ..A ... ... ..A ... ..C ... ... ... ... ... ... ... ... ... ... ... ..T 
U       ... ... ..A ... ... ..A ... ..C ... ... ... ... ... ... ... ... ... ... ... ..C 
V       ... ... ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ..G ... ... ... 
W       ... ... ... ... ... ..A ... ... A.. ... ... ... ... ... ... ... C.G ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G ... ... ... 





                                      ND4-L (1512-1571)
                                                                                                                                            
         F   I   G   F   V   I   L   S   L   N   L   S  D/N NDS I/L  L   L  FLS  N   N
A       TTT ATT GGT TTT GTT ATA CTA TCA TTA AAA CTT TCT AAT AAT ATA CTA CTT CTT AAT AAA 
B       ... ... ... ... ... ... ..T ... ... ... ... ... G.. ... ... ..C ... ... ... ... 
C       ... ... ... ... ... ... ..T ... ... ... ... ... G.. ... ... ..T ... T.. ... ... 
D       ... ... ... ... ... ... ..C ... ... ... ... ... ... ... ... ... ... ..C ... ... 
E       ... ... ..A ... ... ... ..T ... ... ... ... ..C ... ..C ..C ..C ... T.. ... ... 
F       ... ... ..G ... ... ... ..T ..G ..G ... ... ..C ... G.C ... ..C ... T.. ... ... 
G       ... ... ... ... ... ... ..T ... ... ... ... ... G.. ... ... ..T ... T.. ... ... 
H       ... ... ..A ... ... ... ..T ... ... ... ... ..C ... ..C ..C ..C ... T.. ... ... 
I       ... ... ..A ... ... ... ..T ... ... ... ... ..C G.. ... ..C ... ... T.. ... ... 
J       ... ... ..A ... ... ... ..T ... ... ... ... ... ... .G. C.C ..T ... T.. ... ... 
K       ... ... ... ... ... ... ..T ... ... ... ... ... G.. ... ... ..C ... T.. ... ... 
L       ... ... ... ... ... ... ..T ... ... ... ... ... G.. ... ... ..C ... ... ... ... 
N       ... ... ..A ... ... ... ..T ... ... ... ... ..C G.. ... ..C ..T ... T.. ... ... 
O       ... ... ..A ... ... ... ..T ... ... ... ... ... G.C ... ... ..C ... T.. ... ..C 
P       ... ... ..G ... ... ... ..T ... ..G ... ... ..C ... ..C ... ..C ... T.. ... ... 
Q       ... ... ..A ... ... ... ..T ... ... ... ... ..C G.. ... ..C ..T ... T.. ... ... 
R       ... ... ..A ... ... ... ..T ... ... ... ... ..C G.. ... ..C ... ... T.. ... ... 
S       ... ... ..A ... ... ... ..T ... ... ... ... ..C G.. ... ..C ..T ... T.. ... ... 
T       ... ... ..A ... ... ... ..T ... ... ... ... ..C G.. ..C ..C ... ... T.. ... ... 
U       ... ... ..A ... ... ... ..T ... ... ... ... ..C G.. ... ..C ... ... T.. ... ... 
V       ... ... ... ... ... ... ..T ... ... ... ... ... G.. ... ... ..C ... ... ... ... 
W       ... ... ... ... ... ... ..T ... ... ... ... ... G.. ... ... ..T ... T.. ... ... 
X       ... ... ... ... ... ... ..T ... ... ... ... ... G.. ... ... ..C ... ... ... ... 
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         L   I   L   L   T   L   S   A   C   E   A   S   A   G   L   S   L   M   V   A
A       CTA ATC CTC CTA ACT TTA TCT GCC TGT GAA GCC AGG GCT GGA CTC TCT TTA ATG GTT GCT 
B       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
C       ... ..T ... ... ... C.. ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
D       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
E       ..C ..T ... ..G ... C.. ... ... ... ... ... ... ... ..C ..T ... ... ... ... ... 
F       ..C ..T ... ..G ... C.. ... ... ... ... ... ... ... ..C ..T ... ... ... ... ... 
G       ... ..T ... ... ... C.. ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
H       ..C ..T ... ..G ... C.. ... ... ... ... ... ... ... ..C ..T ... ... ... ... ... 
I       ... ..T ... T.. ... C.. ... ... ... ... ... ... ..G ... ... ... ..G ... ... ... 
J       ..C ..T ... ... ... C.. ... ... ... ... ... ..T ... ... ... ... ... ... ... ... 
K       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... 
L       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... 
N       ... ..T ... T.. ... C.. ... ... ... ... ... ... ..A ... ... ... ..G ... ... ... 
O       ... ..A ..A T.. ... C.. ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
P       ..C ..T ... ..G ... C.. ... ... ... ... ... ... ... ..C ..T ... ... ... ... ... 
Q       ... ..T ..T T.. ... C.. ... ... ... ... ... ..A ..G ... ... ... ..G ... ... ... 
R       ... ..T ... T.. ... C.. ... ... ... ... ... ... ..G ... ... ... ..G ... ... ... 
S       ... ..T ... T.. ... C.. ... ... ... ... ... ... ..G ... ... ... ..G ... ... ... 
T       ... ..T ... T.. ... C.. ... ... ... ... ... ... ..G ... ... ... ..G ... ... ... 
U       ... ..T ... T.. ... C.. ... ... ... ... ... ... ..G ... ... ... ..G ... ... ... 
V       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..T ... ... ... ... ... 
W       ... ..T ... ... ... C.. ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
X       ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
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         L   S   R   T
A       CTC TCC CGG ACC C
B       ... ... ..A ... .
C       ... ... ..A ... .
D       ... ... ..A ... .
E       ... ... ..A ... .
F       ... ... ..A ... .
G       ... ... ..A ... .
H       ... ... ..A ... .
I       ... ... ..A ... .
J       ... ... ..A ... .
K       ... ... ..A ... .
L       ... ... ..A ... .
N       ... ... ..A ... .
O       ... ... ..A ... .
P       ... ... ..A ... .
Q       ... ... ..A ... .
R       ... ... ..A ... .
S       ... ... ..A ... .
T       ... ... ..A ... .
U       ... ... ..A ... .
V       ... ... ..A ... .
W       ... ... ..A ... .
X       ... ... ..A ... .
POL     ... ... ..A ..A .
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